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DMP Dess–Martin periodinane 
DMSO dimethyl sulfoxide 
dppf 1,1’-bis(diphenylphosphino)ferrocene 
EE ethoxyethyl 
Et  ethyl 
eq. equivalent 
HMPA hexamethylphosphoric triamide 
HRMS high resolution mass spectrometry 
i  iso 
IPent 1,3-bis(2,6-di-3-pentylphenyl)imidazo-2-ylidene 
LDA lithium diisopropylamide 
m meta 
mCPBA m-chloroperoxybenzoic acid 
Me  methyl 
Mp melting point 
Ms methylsulfonyl 
NaHMDS sodium hexamethyldisilazide 
n normal 












t  tertiary 
TBAI tetra-n-butylammonium iodide 
TBAF tetra-n-butylammonium fluoride 
TBS   t-butyldimethylsilyl 




THF   tetrahydrofuran 
TMS trimethylsilyl 











イの樹皮から単離、構造決定されたパクリタキセル (1, タキソール®)1) は、微小管の脱
重合を阻害し腫瘍細胞の増殖を抑制することから、卵巣がんなどの治療に用いられてい
る (Figure 1-1)。一方、糸状菌 Trichopeziza mollissima SANK-13892から単離、構造決定
されたサイホスタチン (2)2) は、中性スフィンゴミエリナーゼを選択的に阻害すること































Ac = acetyl, Bz = benzoyl, Ph = phenyl
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まず、パクリタキセル (1) の合成において不斉合成が活用されている例を挙げる。
中田らは、パン酵母による 2,2-二置換シクロヘキサンジオンの不斉還元で得られるアル
コール (2R,3S)-33)を 1 の C環部に相当するヨウ化物 4に変換した (Scheme 1-1a)。この




(1R,5R,6S)-85)から、アリルアルコール 96)を経由し、環状炭酸エステル 10 を合成した。
ついで、末端アルケンの官能基化でアジド 11 へ誘導し、アジドの還元およびエノンの
構築でサイホスタチンの親水性部位 12の合成に成功した 7)。 
 



















































































Bn = benzyl, EE = ethoxyethyl, Me = methyl, TES = triethylsilyl, TBS = t-butyldimethylsilyl




中には有用な生物活性を示す化合物が知られている。例えば、ハミゲラン B (13) は海
綿 Hamigera tarangaensisから得られ、ポリオウイルスおよびヘルペスウイルスの増殖を






れている 11)。未同定の糸状菌 Cladosporium sp. が生産する植物成長調整物質であるコチ



















































ピペリトン 15を 3工程でエポキシド 16へ導き、酸による 1,2-転位で五員環に変換しエ
チレンアセタール 17 を得た後、3 工程でアルケニルトリフラート 18 を合成した 
(Scheme 1-2)15)。トリフラート 18はハミゲラン類および類似天然物の合成に適した立体
化学を有しているものの、天然由来で市販されている 15 は鏡像体過剰率が十分とはい








六員環が縮環した構造を有する (1S,2S,6S,7S)-20 および (1R,2S,6R,7R)-20 をそれぞれ非
常に高い鏡像体過剰率で合成した。ジオールを環状炭酸エステルとして保護し、アセチ























Tf = trifluoromethylsulfonyl, TMS = trimethylsilyl
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第三節	 新規五員環中間体の設計と合成計画 
著者は、酵素触媒の高い立体選択性を活用した上で、より柔軟に利用可能な五員環







した。α-メチルエステル 23 の第四級不斉炭素は、Fráter の手法 17)を参考に、エステル
24a の β 位ヒドロキシ基を足がかりとする立体選択的メチル化で構築しようと考えた。
本合成では、鍵中間体であるヒドロキシエステル (1R,2S)-24aをいかにして高い鏡像体
純度で調製するかが重要である。そこで、酵素触媒の高い鏡像選択性を活用し、ケトエ























Et = ethyl, Pr = propyl
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第四節	 酵素還元の検討 
酵素触媒によるケトエステルの不斉還元の歴史は長く、五員環ケトエステル 25の還
元も 1970年代から研究されてきた 18)。代表的な例として、Ridleyらはパン酵母による 25
の還元で β-ヒドロキシエステル (1R,2S)-24a が優先して得られることを報告してい
る 18a)。1998年に森らは本反応を追試し、キラル固定相を有するガスクロマトグラフィ








キラルスクリーン® OH でケトエステル 25を還元した結果を以下に示す (Table 1)。
いずれの酵素も cis体のアルコールのみを与え、trans体のヒドロキシエステルは粗精製
物の 1H NMR 上観測されなかった。得られた cis 体の鏡像体比はキラル固定相を有す
る HPLC で決定した。なお、生成物の相対および絶対立体配置は文献既知の 
(1R,2S)-24a19)と 1H NMRおよび旋光度を比較することによって確認した。各種酵素の中
でも E001、E031 は優れた選択性と反応性を示し、特に E001 は目的とする(1R,2S)-24a
をほぼ定量的に与えた (entry 1, 7)。E078も良好な選択性を示したものの反応の転換率
が低く (entry 14)、E007では転換率・選択性ともに十分な値を得ることはできなかった 
(entry 4)。興味深いことに、転換率が低いため大量合成への応用は困難であるものの、
検討した酵素の中で E039のみが逆の選択性を有しており、(1S,2R)-24aを優先して与え
た (entry 8)。最も優れた結果を示した E001を用い、反応のスケールアップおよび五員




































































ratio of enantiomers ratio of enantiomers
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第五節	 五員環中間体の合成 
ケトエステル 25 の仕込み量を 1.35 g (8.65 mmol) にあげた場合も E001による還元
は円滑に進行し、鏡像体純度よく (1R,2S)-24aが得られた (Scheme 1-5)。続いて、Fráter











換後、N-(5-chloro- 2-pyridyl)bis(trifluoromethylsulfonimide) (Comins reagent)21) と反応させ
アルケニルトリフラートを得たのち、エステルを diisobutylalminum hydride (DIBAL-H) 
でアルコールまで還元し、目的とする五員環中間体 (S)-22の合成を達成した。 





























    THF, –78 °C
2) MsCl, DMAP
    Et3N, CH2Cl2
3) DBU, toluene
    61% (3 steps)
>99% enantiomeric















    Comins reagent
    THF
    –78 ~ –10 °C
2) DIBAL-H, THF
    78% (2 steps)
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DMAP = 4-(dimethylamino)pyridine,
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第六節	 五員環中間体の鏡像体合成 
前節において設計した五員環中間体 (S)-22 の合成法を確立したので、逆の鏡像体で
ある五員環中間体 (R)-22 の合成に着手した。本合成法に従えば、(R)-22 はヒドロキシ
エステル (1S,2R)-24aから調製可能である (Scheme 1-6)。しかし、第四節で述べたよう
に酵素触媒による還元では (1S,2R)-24a を収率よく得ることは困難であった。そこで、























































に従い調製した (Scheme 1-8)。ケトエステル 25を無水酢酸、ピリジンで処理しエノー
ルアセタートへ変換後、Rozzelらが報告した Rh/C触媒による syn選択的接触水素化 24)
でラセミ体混合物であるアセタート (1R*,2S*)-24bを得た。続いて、得られたラセミ体
アセタート(1R*,2S*)-24b を、Pseudomonas sp. 由来のリパーゼ 25)と反応させたところ、
(1S,2R)-24b が優先的に加水分解を受け、望む立体化学を有するヒドロキシエステル 
(1S,2R)-24aが 99% 以上の鏡像体純度で得られた。このものから、 (S)-22の合成と同様












































    pyridine
2) H2, Rh/C
    THF, 85%
    (2 steps)
AcO
EtO2C
(1S,2R)-24b Pseudomonas  sp.
lipase Amano AK
phosphate buffer
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第二章	 ハミゲラン Bの合成 
 
第一節	 緒言 





明らかになっていない。ハミゲラン B (13) の構造的特徴として、多置換芳香環、縮環
部の第四級不斉炭素を含む C1・C3a・C9b位の三連続不斉中心が挙げられる。特に第四
級不斉炭素および三連続不斉中心は 13 の合成上最大の課題であり、これまでに多くの





Nicolaou らは、多置換芳香族アミド 29 から 7 工程で導いた不飽和エステル 30 に対
し、光照射でキノジメタン 31を発生させ、分子内 Diels-Alderで三環性骨格を有するア
ルコール 32を得た (Scheme 2-1)。生成物の C9b位は望みと逆の立体化学を有していた


























Clive、Wangは、γ-ブチロラクトン (33) から 5工程で合成した不斉補助基を有するラ
クタム 34 とアルキルヨージド 35 を連結後、続くメチル化で 13 の第四級不斉炭素を有
するヘミアミナール 36を調製した (Scheme 2-2)。続く分子内環化で三環性骨格を構築
した後、C4!5位の酸化でジオール 37を得た。ジオールの保護および四置換アルケンの
水素添加を含む 6工程を経て、望む立体化学と酸化度を調えたジケトン 38 を合成し、
脱メチル化とブロモ化で 13の全合成を達成した 26d-f)。 
































Bu = butyl, MOM = methoxymethyl
















































る、ハミゲラン B (13) の逆合成解析を以下に示す (Scheme 2-3)。ハミゲラン B (13) は
Clive らの中間体 3826f)を経て導くこととし、C1・9b 位の立体化学は、四置換アルケン
39を紙面奥側面から syn選択的に接触水素化し構築しようと考えた。分子中央の六員環
をジアルデヒド 40の分子内ピナコールカップリングで得ることとし、40は、Gaoらに
よる類似の反応を参考に、トリフラート (S)-22 と既知の芳香族ボロン酸エステル 4115)
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第三節	 三環性骨格の構築 
Gao らはハミゲラン類の合成において、エチレンアセタールを有するアルケニルト
リフラート 18 とアリールボロン酸エステル 41 のカップリングで 42 を得た (Scheme 
2-4a)15)。この反応を参考にトリフラート (S)-22 と 41 の鈴木–宮浦カップリングを試み








考察した (Scheme 2-5)。まず、パラジウム触媒がアルケニルトリフラート (S)-22 に酸
化的付加しアルケニルパラジウムトリフラート A が生成する。続いて、塩基性条件下 










































DMSO = dimethyl sulfoxide, dppf = 1,1'-bis(diphenylphosphino)ferrocene, PEPPSI-IPr = [1,3-bis(2,6-
diisopropylphenyl)imidazo-2-ylidene](3-chloropyridyl)palladium(II) dichloride
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ルパラジウム Cおよびホウ酸ピナコール Dが生じる。この際生じた Dは反応後の後処
理で加水分解されホウ酸エステル 45 として単離される。一方、アリールビニルパラジ
ウム C は、五員環パラダサイクルを経てヒドロキシ基がパラジウムに攻撃しアルコキ
シパラジウム E へ異性化する。ここから再度 B とのトランスメタル化でビスアリール
パラジウム F およびホウ酸ピナコール D が生じる。最後に F からパラジウムが還元的
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1-Me-AZADO27)を触媒にアルコール (S)-22 を酸化しアルデヒド 46 を得た (Scheme 
2-6)。続いて先と同様の条件でカップリングを試みたところ、副反応は抑制され、ジア
ルデヒド 40 が得られた。触媒を PdCl2(dppf)!CH2Cl2に変更したところ、収率は 68%に











生成物の立体化学は、それぞれ Figure 2-2に示した、1H NMRスペクトルにおける結
合定数および NOE相関より決定した。ジアステレオマーのうち (4R,5R)-47aの 1H NMR
スペクトルでは、C3a位メチル基と C4位プロトンの間に nuclear Overhauser effect (nOe)
相関が観測され、C4位プロトンと C5位プロトンの結合定数が 0 Hzであった。従って、
C4-C5 位間の水素原子の二面角はほぼ 90° であり、二つのヒドロキシ基が pseudo-アキ





K2CO3, DMSO, 80 °C
a) PEPPSI-IPr
    33%
b) PdCl2(dppf)·CH2Cl2
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第四節	 ハミゲラン Bの形式全合成 
Clive らの中間体 38 に向け残す工程はジオールの酸化と四置換アルケンへの水素付
加のみである。そこで、ジオール (4R,5R)-47a および (4S,5S)-47a の混合物を Swern 酸









た。上述のように (4R,5R) 体のジアステレオマーは、二つのヒドロキシ基が pseudo-ア
キシャルに位置している。そのため、C4位ヒドロキシ基に C5位ヒドロキシ基よりも立
体的にかさ高い保護基を導入すれば、水素の付加は C4位との立体障害を避け、望む分





























そこでまず、(4R,5R)-47a の C4位ヒドロキシ基をかさ高い TBS基で位置選択的に保
護後、残る遊離の C5位ヒドロキシ基に立体障害の小さいアセチル基を導入しアセター
ト (4R,5R)-47bを合成した (Scheme 2-9a)。なお、得られた (4R,5R)-47bが望む立体配座
を有することは MM法によって算出した最安定配座からも支持され、嵩高い TBS基が
四置換アルケンの紙面手前側を遮蔽することが期待された (Figure 2-4)。 
一方、(4S,5S)-47aは環化前駆体であるジアルデヒド 40に戻し再利用することとした。
ジオール (4S,5S)-47a を四酢酸鉛で処理したところ、酸化開裂により目的のジアルデヒ
ド 40が生成した (Scheme 2-9b)。本反応で得られた 40は、上述の鈴木–宮浦カップリン





























Figure 2-4  Calculated by MMFF in Spartan’08 
 
アセタート (4R,5R)-47bの接触還元を試みたところ、期待通り望む面からのみ水素の
付加が進行し、C1・C9b 位に望む立体化学を有する (1R,9bR)-48a を得ることに成功し









    2,6-lutidine
    CH2Cl2
2) Ac2O, DMAP
    pyridine
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ウム水溶液で 48aを処理し、TBS基およびアセチル基を同時に除去した。最後に、ジオ







ルケンの立体障害のため接触還元の収率は 28% と低く、原料が 48% 残存するという
問題があった。そこで、より効率的な合成法を検討した。触媒のパラジウム担持量を
5% から 10% に上げ接触還元を試みたところ、ベンジル位の脱酸素化が併発したもの
の、原料である (4R,5R)-47bは完全に消失し、望む立体化学を有する (1R,9bR)-49aがほ
ぼ定量的に得られた (Scheme 2-11)。TBAFでヒドロキシ基を脱保護してアルコール 49b
へ変換後、Taberらの報告 26i)を参考に、tetra-n-propylammonium perruthenate (TPAP)でア
ルコールとベンジル位メチレン基を同時に酸化しジケトン 38 を得た。本ルートでは、











































以上、創製した五員環キラル中間体 (S)-22からハミゲラン B (13) の形式全合成を達
成した。本合成ルートは、市販のケトエステル 6から 13まで最長 19工程であり、第一
節で示した Nicolaouら (22工程) および Cliveら (20工程) の手法と比較し工程数の削
減に成功した。また、五員環キラル中間体とボロン酸エステル 41 のカップリングから


























MS = molecular sieves, NMO = N-methylmorpholine-N-oxide







して、 Cladosporium属の糸状菌が産生するコチレニン A (14) が挙げられる。コチレニ
ン A は最初に植物成長調整物質として単離されたが 12)、のちにヒト急性白血病細胞 
HL-60 に対する分化誘導活性が明らかになり 13)、インターフェロン α と併用すると卵
巣がん移植マウスおよび肺がん移植マウスに対し治療効果を示すことが報告された 14)。
生物活性の作用機序として、14 が真核細胞に普遍的に存在する 14-3-3 タンパク質およ
び未同定のリン酸化タンパク質と三者会合体を形成し、細胞内シグナル伝達に関与す
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ル 51 を、低原子価クロムを用いて連結させた後、11 工程の変換を経て、8,9-セコフシ
コッカン 52を合成した 29) (Scheme 3-1a)。このもののエン反応で C8・C9位間の結合を
形成しフシコッカン骨格を有するジエン 53を得た。 
Williamsらは、アリルアルコール 54から出発し、増炭を繰り返して 19工程で、2,6-
セコフシコッカン 55 を調製した (Scheme 3-1b)。続いて、55 を p-toluenesulfonic acid 
(TsOH) による Nazarov環化でエノン 56へ変換し、フシコッカン骨格を構築した。 
しかし、Scheme 3-1a に示した合成ルートは二つのセグメントを連結後、8,9-セコフ
シコッカン 52への誘導に多工程を要し、Scheme 3-1bの手法では 54から環化前駆体で
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第二節	 1,2-セコフシコッカン骨格を有する化合物の合成計画 
著者は、フシコッカン構築に有用な、1,2-セコフシコッカン骨格の合成を目指すこと
とした。五員環中間体 (R)-22を利用する収束的な合成計画を Scheme 3-2に示す。具体
的な標的化合物として、アセトニド 57を設定した。57は C8・C9位間の結合が環構造
により固定され、鎖状化合物と比較して C1・C2位が接近しやすい立体配座を有するた
め、フシコッカン前駆体として利用できると考えた。アセトニド 57は trans-ジエン 58a
のジヒドロキシ化を経て合成しようと考え、58aは (R)-22と trans-ビニルスズ 59を Stille
カップリングで連結し得ることとした。一方、カップリングの相手となるビニルスズ
59 は、天然物由来の骨格と立体化学を活用し調製することとした。すなわちリモネン
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第三節	 trans-ビニルスズの合成 
リモネンオキシド 61 (98% ee, Sigma-Aldrich) から既知法で誘導した 60を水素化ホウ
素ナトリウムで 1,2-還元し、生じたヒドロキシ基を TBS基で保護した (Scheme 3-3)。続
いてプロペニル基を 9-borabicyclo[3.3.1]nonane (9-BBN) で位置・立体選択的にヒドロホ
ウ素化・酸化し、第一級アルコール 62a を単一のジアステレオマーとして合成した。
Dess-Martin酸化でアルコールをアルデヒドへ変換後、Wittig反応による増炭を経てアル









トリオール 67a を位置選択的に環状炭酸エステル 67b に変換後、遊離の第三級アル
コールを TMS基で保護し 67c を得た。なお、保護における位置選択性は、立体障害の
少ない第一級アルコールがホスゲンに攻撃し生じる塩化物 67a’に対し速度論的に有利
な五員環形成が進行することによって発現したと考えられる。続いて、67cのオスミウ
ムを触媒とする酸化開裂でアルデヒド 68 を得た。アルデヒド 68 を Ohira-Bestmann 試
薬 31)でアルキンへ誘導し、続くパラジウム触媒を用いるヒドロスタニル化で目的とす
る trans-ビニルスズ 59の合成を完了した。 
 










    0 °C, 90%
2) TBSCl, imidazole
    CH2Cl2, 92%
3) 9-BBN, THF;
    H2O2 aq.





    CH2Cl2, 95%
2)  Ph3P+CH3I–
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なお、立体選択的ヒドロホウ素化および二度の立体選択的エポキシ化で生じた不正
点の立体化学は以下のように決定した。ヒドロホウ素化・酸化で得た 62aを TBAFと反
応させ既知のジオール 62bへ誘導し、文献 32)に報告された 62bおよび epi-62bと 1H NMR
スペクトルを比較することにより、側鎖メチル基が望む立体化学を有することを確認し
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第四節	 Stilleカップリング 
ビニルトリフラート (R)-22 は立体的にかさ高く、望む Stille カップリングは困難が
予想された。そこで実際の合成に先立ち、構造を簡略化したモデル基質としてスチリル
スズ (69) を用いカップリングの条件を検討した。 
スチリルスズ (69) とビニルトリフラート (R)-22 の Stille カップリングの結果を
Table 3-1に示す。スタンナン 69は DMSOに難溶であったため、トルエンを共溶媒とし
反応を試みた。Dibenzylideneacetone (dba) palladiumで反応させたところ、望むカップリ
ング体である 70に加え、69のホモカップリングによる二量体 71が副生した (entry 1)。
トリフェニルヒ素を添加すると (R)-22 の残存量が多くなり、望まないホモカップリン


















以上の検討により最適化した反応条件で、(R)-22と trans-ビニルスズ 59を Stilleカッ
プリングさせたところ、反応は副生成物を伴うことなく進行し、trans-ジエン 58a を良

























1 : 1 : 1




3 Pd2(dba)3·CHCl3 2 : 2 : 3XPhos
4 PEPPSI-IPr 0 : 1 : 0—
(R)-22 : 70 : 71



























混合物を与えるのみであった (Table 3-2, entry 1)。不斉配位子を含むジヒドロキシ化剤
である AD-mix βを用いた場合、反応は全く進行しなかった (entry 2)。唯一反応が進行
したのは、四酸化オスミウムを基質に対し化学量論量用いた場合のみであった (entry 3)。
しかし、ジヒドロキシ化の位置選択性は全く発現せず、C8,C9 位ジオール 72 および





























58a (R = H)













3 1 : 1
solvent
pyridine






AD-mix β = (DHQD)2PHAL, K2OsO2(OH)4, K2CO3, K3Fe(CN)6
(DHQD)2PHAL = hydroquinidine 1,4-phtalazinediyl diether
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塩基性条件下における脱保護では TMS基の脱落が懸念されたため、還元的条件で環
状炭酸エステルの除去を検討した (Scheme 3-6)。DIBAL-H を用いたところ、目的とす






















58c (R1= TMS, R2 = H: 28%)
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第六節	 1,2-セコフシコッカンの再設計と合成計画 









問題になった TMS基に替え、移動しにくい 2-(trimethylsilyl)ethoxymethyl (SEM) 基を用
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第七節	 cis-ビニルスズの合成 
先に合成した第三級アルコール 67bに SEM基を導入し 67dを得た (Scheme 3-8)。ア
ルケン 67dのアルデヒドへの酸化開裂と、続くヨウ化ヨードメチルトリフェニルホスホ
ニウム 35)を用いたWittig反応でヨウ化ビニル 77aを単一の幾何異性体として合成した。
























    NaIO4, 2,6-lutidine
    THF, H2O, 88%
2) Ph3P+CH2I·I–
    NaHMDS
    HMPA, THF







I a) Pd(PPh4)3    Me3SnSnMe3
    THF
b) t-BuLi
    Bu3SnCl















DIPEA = , diisopropylethylamine, HMPA = hexamethylphosphoric triamide








J = 7.4 Hz




物のままジオール 77b を四酢酸鉛で酸化開裂し、ケトン 80 を良好な収率で合成した。
ケトン 80に対し、PdCl2(PPh3)2を触媒としスタニル化を試みたところ、目的の反応が進
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第八節	 Stilleカップリングの検討 
上述の cis-ビニルスズ 76 とトリフラート (R)-22 を trans-ジエンの合成と同様の条件
で反応させたところ、目的とするジエン 75はわずか 11% しか得られず、副生成物とし
てビニルスズ 76のホモカップリング体 81が生じた (Table 3-3, entry 1)。より立体的に
嵩高い配位子を有する PEPPSI-IPent に触媒を変更すると、81 の副生は抑えられたもの
の、目的物である 75は痕跡量しか得られなかった (entry 2)。しかし、より電子供与性
の高い触媒である PEPPSI-SIPrを用いた場合、反応は劇的に改善され、収率 85%で目的
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第九節	 フシコッカン骨格の構築 
合成した 1,2-セコフシコッカン 75は C8・C9位間の結合が cis体の二重結合により固
定され、分子内環化によるフシコッカン骨格構築が期待される。そこでアルコール 75
を Dess-Martin酸化でケトアルデヒド 82 へ誘導後、分子内環化を検討することとした。
四塩化チタンと亜鉛から発生させた低原子価チタンによる McMurry カップリングは複
雑な混合物を与えるのみであった (Table 3-4, entry 1)。中員環形成に応用例が多い三塩
化チタン!DME 錯体および Zn-Cu による条件 36)に変更しても反応は改善されなかった 
(entry 2)。より温和な条件である、ヨウ化サマリウムによる反応を試みたところ、環化
より先にケトン α位の過剰還元が進行した 85および 86が生成した (entry 3)。 
そこで、低原子価金属を、α 位の過剰還元が進行しにくいとされるバナジウム 37)に
変更したところ、目的とする分子内環化が進行し、収率 12%ながらもフシコッカン 83














以上、創製したキラル中間体 (R)-22 を活用し、ビニルスズ 76 とのカップリングを










75: R = CH2OH















































ト (S)-22および (R)-22を設計した (Scheme 4-1)。合成上鍵となるヒドロキシエステル 
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>99% enantiomeric
          purity
  46 
合成したトリフラート  (S)-22 をハミゲラン B (13) の形式全合成に応用した 
(Scheme 4-2)。芳香族ボロン酸エステルを用いる鈴木–宮浦カップリングを経てジアルデ
ヒド 40 を得た。このものからピナコールカップリングで三環性骨格を構築し、ハミゲ
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以上、酵素触媒による不斉還元・速度論的分割を経て新規五員環中間体 (S)-3 およ








  Hydrogenation under high pressure was performed in a pressure vessel with inner vessel and 
impeller, EYELA HIP-60.  IR spectra were measured as ATR on a JASCO FT/IR 4700 
spectrometer.  1H NMR spectra were measured in CDCl3 at 400 MHz on a VARIAN 400-MR 
spectrometer or at 500 MHz on a VARIAN 500-MR spectrometer and 13C NMR spectra were 
measured in CDCl3 at 100 MHz on a VARIAN 400-MR spectrometer or at 125 MHz on a 
VARIAN 500-MR spectrometer.  Silica gel 60 N (spherical, neutral, 40-50 µm, 37563-84) 
from Kanto Chemical Co. was used for column chromatography.  HPLC data were recorded 





Examination of “Chiralscreen® OH” on the reduction of 25 
The mixture of carbonyl reductase, formate or glucose dehydrogenase, oxidoreductive 
coenzyme such as NADH or NADPH, and buffer ingredient was dissolved in each vial with 
purified water (1 mL) involved in “Chiralscreen® OH” (E001, E007, E031, E039, E078, E087, 
and E146).  Ketone 25 (10 mg) was added to each vial.  The mixture was stirred at 30 °C for 
24 h.  After extractive workup, the conversion were estimated by 1H NMR spectra with the 
comparison of authentic signals (CDCl3): δ 3.15 (dd, 1H, J = 9.1, 8.8 Hz, for 25), 4.43 [ddd, 1H, 
J = 4.1, 3.9, 3.9 Hz, for (1R,2S)-24a].   The enantiomeric ratio was confirmed by HPLC 
Chiralscreen® OH
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analysis: [column, Daicel Chiralcel® OD-H, 0.46 cm x 25 cm; hexane/2-propanol = 98:2, flow 




Scale-up of the reduction of 25 with “Chiralscreen® OH”-E001: ethyl 
(1R,2S)-2-hydroxycyclopentanecarboxylate 24a 
To a buffered solution (diluted up to 50 mL), in which NAD+ and formate dehydrogenase 
are pre-installed in the kit, was added “Chiralscreen® OH”-E001 (250 mg) and ketone 25 (1.35 
g, 8.64 mmol) and the mixture was stirred at 30 °C under argon atmosphere for 17 h.  During 
the reaction, its pH was kept to be 6.5 with continuous addition of formic acid aq. solution (1.0 
M) by pH controller.  Then the organic materials were extracted with EtOAc three times.  
The combined extract was washed with brine, dried over Na2SO4, filtered, and concentrated 
under reduced pressure to give (1R,2S)-24a (1.30 g, 95%) as a colorless oil.  [α]D22 –15.1 (c 
1.11, CHCl3) {lit.19 [α]D24 –14.1 (c 1.11, CHCl3) for (1R,2S)-24a}.  Its enantiomeric purity 
(>99%) was confirmed by HPLC analysis as described above.  1H NMR (CDCl3, 500 MHz): δ 
1.28 (3H, t, J = 7.1 Hz), 1.60–1.68 (2H, m), 1.76–1.82 (2H, m), 1.88–2.06 (3H, m), 2.67 (1H, 
ddd, J = 10.0, 7.8, 4.1 Hz), 4.18 (2H, q, J = 7.1 Hz), 4.43 (1H, ddd, J = 4.1, 3.9, 3.9 Hz); 13C 
NMR (CDCl3, 125 MHz): δ 14.2, 22.0, 26.4, 33.9, 49.5, 60.6, 73.7, 175.0; IR νmax 3447, 2958, 











          purity




Ethyl (1R,2S)-2-hydroxy-1-methylcyclopentanecarboxylate 26 
To a solution of LDA (8.11 mmol) in THF (12.5 mL) was added a solution of (1R,2S)-24a 
(613 mg, 3.88 mmol) at –50 °C and the reaction temperature was raised to –10 °C.  The 
mixture was further stirred for 1 h at –10 °C.  The reaction was cooled to –50 °C and methyl 
iodide (360 mL, 5.78 mmol) was added to the solution.  The mixture was warmed to –10 °C 
over 1 h and the reaction was quenched with saturated NH4Cl aq. solution.  The organic 
materials were extracted with EtOAc three times, and the combined extract was washed with 
brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The residue was 
purified by silica gel column chromatography with hexane/EtOAc (30:1–4:1) to furnish 
(1R,2S)-26 (709 mg, 85%) as a colorless oil.  [α]D20 +27.4 (c 1.24, CHCl3) {lit.19 [α]D24 +27.8 
(c 1.27, CHCl3)}.  1H NMR (CDCl3, 500 MHz): δ 1.19 (3H, s), 1.28 (3H, t, J = 7.3 Hz), 
1.54–1.60 (1H, m), 1.64–1.74 (2H, m), 1.81–1.90 (1H, m), 1.96–2.04 (1H, m), 2.22 (1H, ddd, J 
= 13.2, 10.0, 7.1 Hz), 3.08 (1H, dd, J = 4.6, 1.2 Hz), 3.97–4.00 (1H, m), 4.18 (2H, q, J = 7.3 
Hz); 13C NMR (CDCl3, 125 MHz): δ 14.1, 20.4, 22.3, 31.9, 33.1, 54.0, 60.6, 79.9, 177.2; IR 
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Ethyl (R)-2-methyl-2-oxocyclopentanecarboxylate 23 
To a solution of (1R,2S)-26 (591 mg, 3.43 mmol) in CH2Cl2 (30 mL) were added NaHCO3 
(1.56 g, 18.5 mmol) and Dess-Martin periodinane (2.19 g, 5.17 mmol) at 0 °C under argon 
atmosphere.  The mixture was stirred at room temperature for 2 h.  Then the reaction was 
quenched with a mixture of saturated NaHCO3 aq. solution and saturated Na2S2O3 aq. solution.  
The organic materials were extracted with EtOAc twice.  The combined extract was washed 
with brine, dried over Na2SO4, filtered and concentrated under reduced pressure.  The residue 
was purified by silica gel column chromatography with hexane/EtOAc (50:1–10:1) to furnish 
(R)-23 (507 mg, 87%) as a colorless oil.  [α]D20 –15.7 (c 1.12, CHCl3) {lit.19} [α]D24 –15.9 (c 
1.72, CHCl3)}.  1H NMR (CDCl3, 500 MHz): δ 1.25 (3H, dd, J = 7.4, 7.4 Hz), 1.31 (3H, s), 
1.83–1.97 (2H, m), 2.02–2.08 (1H, m), 2.28–2.35 (1H, m), 2.41—2.54 (2H, m), 4.15 (1H, qd, J = 
7.4, 3.2 Hz), 4.17 (1H, qd, J = 7.4, 3.2 Hz); 13C NMR (CDCl3, 125 MHz): δ 14.0, 19.4, 19.6, 
36.2, 37.7, 55.9, 61.3, 172.4, 215.9; IR νmax 2976, 1748, 1728, 1267, 1153 cm–1.  Its 1H NMR 




Ethyl (1R,3E)-3-ethylidene-1-methyl-2-oxocyclopentanecarboxylate 27 















    THF, –78 °C
2) MsCl, DMAP
    Et3N, CH2Cl2
3) DBU, toluene
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2.83 mmol) in THF (6 mL) at –78 °C.  After 1 h, to the reaction mixture was added 
acetaldehyde (480 µL, 8.50 mmol) and the mixture was warmed to –30 °C over 1 h.  Then the 
reaction was quenched with saturated NH4Cl aq. solution and the organic materials were 
extracted with EtOAc three times.  The combined extract was washed with brine, dried over 
Na2SO4, filtered, and concentrated under reduced pressure.  The residue was diluted with 
EtOAc and filtered through a pad of silica gel.  The combined filtrate and washings were 
concentrated under reduced pressure to give a crude alcohol.  This was employed for the next 
reaction without further purification. 
To a solution of the crude alcohol in CH2Cl2 (7 mL) were added Et3N (530 µL, 3.82 mmol), 
methylsulfonyl chloride (223 µL, 2.86 mmol) and DMAP (28 mg, 0.23 mmol).  After stirring 
for 1 h at room temperature, the reaction was quenched with phosphate buffer solution (pH 7.0, 
0.1 M), and the mixture was extracted with EtOAc twice.  The combined extract was washed 
with brine, dried over Na2SO4, filtered and concentrated under reduced pressure.  The residue 
was diluted with toluene (7 mL) and DBU (343 µL, 2.28 mmol) was added to it, and the 
mixture was stirred for 1 h at room temperature.  The mixture was diluted with H2O and the 
organic materials were extracted with EtOAc three times.  The combined extract was washed 
with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The residue 
was purified by silica gel column chromatography with hexane/EtOAc (30:1–10:1) to furnish 
(1R,3E)-27 (315 mg, 61%) as a colorless oil.  [α]D20 –2.8 (c 1.11, CHCl3).  1H NMR (CDCl3, 
500 MHz): δ 1.23 (3H, t, J = 7.1 Hz), 1.35 (3H, s), 1.77 (1H, ddd, J = 13.5, 8.3, 6.4 Hz), 1.84 
(3H, ddd, J = 7.4, 1.9, 1.7 Hz), 2.52 (1H, ddd, J = 13.5, 8.6, 5.2 Hz), 2.56—2.70 (2H, m), 4.15 
(2H, q, J = 7.1 Hz), 6.74 (1H, ddq, J = 7.4, 2.7, 2.7 Hz); 13C NMR (CDCl3, 125 MHz): δ 14.0, 
15.4, 19.8, 23.7, 32.7, 56.7, 61.3, 134.1, 137.2, 172.4, 202.8; IR νmax 2978, 2935, 1738, 1713, 
1650, 1446, 1374, 1261, 1220, 1175, 1084 cm–1; HRMS (ESI) [M+Na]+ calculated for 
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Ethyl (1R)-3-isopropyl-1-methyl-2-oxocyclopentanecarboxylate 28 
To a suspension of CuI (471 mg, 2.47 mmol) in Et2O (10 mL) was added a solution of 
methyllithium (4.9 mL, 1.1 M in Et2O) at –30 °C, and the resulting mixture was stirred at the 
same temperature for 20 min.  To the above-mentioned solution of (CH3)2CuLi was added a 
solution of (1R,3E)-27 (431 mg, 2.20 mmol) in Et2O (12 mL) at –30 °C.  After stirring for 1 h 
at that temperature, the reaction was quenched with saturated NH4Cl aq. solution, and the 
organic materials were extracted with EtOAc three times.  The combined extract was washed 
with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The residue 
was purified by silica gel column chromatography with hexane/EtOAc (40:1–20:1) to furnish 
(1R)-28 (442 mg, 95%) as a colorless oil.  [α]D21 –78.6 (c 1.07, CHCl3).  1H NMR (CDCl3, 
500 MHz): δ 0.82 (3H, d, J = 6.8 Hz), 1.00 (3H, d, J = 6.9 Hz), 1.22 (3H, s), 1.25 (3H, t, J = 7.1 
Hz), 1.69 (1H, dddd, J = 12.7, 11.3, 11.3, 7.1 Hz), 1.86 (1H, ddd, J = 12.9, 7.0, 2.6 Hz), 2.02—
2.09 (1H, m), 2.17 (1H, dqq, J = 7.1, 6.9, 6.8 Hz), 2.33–2.41 (2H, m), 4.15 (2H, q, J = 7.1 Hz); 
13C NMR (CDCl3, 125 MHz): δ 14.0, 18.3, 18.4, 21.0, 21.1, 27.1, 33.5, 55.5, 56.3, 61.2, 172.7, 
216.1; IR νmax 2960, 2873, 1747, 1728, 1466, 1372, 1266, 1172, 1152 cm–1; HRMS (ESI) 














  54 
 
(S)-5-Hydroxymethyl-2-isopropyl-5-methylcyclopent-1-en-1-yl trifluoromethylsulfonate 22 
To a solution of LDA (1.12 mmol) in THF (3.5 mL) was added a solution of (1R)-28 (183 
mg, 0.861 mmol) at –78 °C with stirring.  After 1 h, to the mixture was added a solution of 
2-[bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (522 mg, 1.33 mmol) in THF (2.0 mL) 
and the reaction mixture was gradually warmed to –10 °C over 3 h.  Then the reaction was 
quenched with saturated NaHCO3 aq. solution.  The organic materials were extracted with 
EtOAc twice.  The combined extract was washed with brine, dried over Na2SO4, filtered, and 
concentrated under reduced pressure.  The residue was filtered through a pad of silica gel with 
hexane/EtOAc (20:1) to give crude triflate.  This was employed for the next step without 
further purification. 
To a solution of above-mentioned triflate in THF (8 mL) was added DIBAL-H (solution in 
hexane, 1.0 M, 1.8 mL) at –78 °C with stirring and the reaction mixture was gradually warmed 
to 0 °C over 1 h.  The reaction was quenched with saturated sodium/potassium tartrate aq. 
solution and the organic materials were extracted with EtOAc three times.  The combined 
extract was washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 
pressure.  The residue was purified by silica gel column chromatography with hexane/EtOAc 
(60:1–10:1) to furnish (S)-22 (204 mg, 78%) as a colorless oil.  [α]D22 –1.7 (c 1.01, CHCl3).  
1H NMR (CDCl3, 500 MHz): δ 1.04 (3H, d, J = 6.6 Hz), 1.05 (3H, d, J = 6.8 Hz), 1.06 (3H, s), 
1.70 (1H, ddd, J = 12.8, 9.2, 6.1 Hz), 2.20 (1H, ddd, J = 12.8, 9.0, 4.1 Hz), 2.27 (1H, ddd, J = 








    Comins reagent
    THF
    –78 ~ –10 °C
2) DIBAL-H, THF
    78% (2 steps)
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d, J = 12.3 Hz), 3.59 (1H, d, J = 12.3 Hz); 13C NMR (CDCl3, 125 MHz): δ 20.3, 20.5, 20.9, 24.2, 
25.9, 31.6, 49.1, 67.4, 118.5 (1C, q, J = 319.6 Hz), 141.7 (2C); IR νmax 3402, 2966, 2936, 2874, 




Ethyl (1S,2R)-2-hydroxy-1-methylcyclopentanecarboxylate 24a 
According to the reported procedure, 24b was prepared by Rh/C-catalyzed 
hydrogenation.23)  Then, to a solution of acetate (1R*,2S*)-24b (2.02 g, 10.08 mmol) in 
phosphate buffered solution (200 mL, 0.1 M, pH = 7.0) was added lipase AK (199 mg) and the 
mixture was stirred at 36 °C.  After 20 h, the organic materials were extracted extracted with 
EtOAc three times.  The combined extract was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (30:1–5:1) to furnish (1S,2R)-24a (613 mg, 38%) as a 
colorless oil and (1R,2S)-24b (1.04 g, 49%) as a colorless oil.  The conversion (48%) was 
estimated by area of signals in 1H NMR spectrum of the crude mixture with the comparison of 
authentic signals (CDCl3): δ 5.42 (ddd, 1H, J = 8.5, 5.4, 2.9 Hz for 24b) and 4.43 (ddd, 1H, J = 
4.1, 3.9, 3.9 Hz for 24a).  The enantiomeric purity was confirmed by HPLC analysis as 
AcO
EtO2C
(1S,2R)-24b Pseudomonas  sp.
lipase Amano AK
phosphate buffer
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Ethyl (1S,2R)-2-hydroxy-1-methylcyclopentanecarboxylate 26 
According to above-mentioned procedure for (1R,2S)-26, from (1S,2R)-24a (579 mg, 3.36 
mmol) was synthesized (1S,2R)-26 (456 mg, 80%).  [α]D20 –28.5 (c 1.19, CHCl3).  Its NMR 




Ethyl (S)-2-methyl-2-oxocyclopentanecarboxylate 23 
According to above-mentioned procedure for (R)-23, from (1S,2R)-26 (66.5 mg, 0.386 
mmol) was synthesized (S)-23 (55.9 mg, 85%).  [α]D21 +13.9 (c 1.25, CHCl3).  Its NMR 
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Ethyl (1S,3E)-3-ethylidene-1-methyl-2-oxocyclopentanecarboxylate 27 
According to above-mentioned procedure for (1R,3E)-27, from (S)-23 (55.9 mg, 0.328 
mmol) was synthesized (1S,3E)-27 (45.7 mg, 71%).  [α]D20 +1.9 (c 1.22, CHCl3).  Its NMR 
spectrum was identical with above-mentioned that of (1R,3E)-27. 
 
 
Ethyl (1S)-3-isopropyl-1-methyl-2-oxocyclopentanecarboxylate 28 
According to above-mentioned procedure for (R)-28, from (1S,3E)-27 (454 mg, 2.304 mmol) 
was synthesized (1S)-28 (454 mg, 92%).  [α]D21 +64.4 (c 1.18, CHCl3).  Its NMR spectrum 




1-en-1-yl trifluoromethylsulfonate 22 
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2) MsCl, DMAP
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    67% (2 steps)
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was synthesized (R)-22 (431 mg, 67%).  [α]D22 +2.5 (c 1.24, CHCl3).  Its NMR spectrum was 




(R)-5-Formyl-2-isopropyl-5-methylcyclopent-1-ene-1-yl trifluoromethylsulfonate 46  
To a solution of alcohol (S)-22 (71.8 mg, 0.238 mmol) in CH2Cl2 (2.0 mL) were added 
1-Me-AZADO (1.1 mg, 0.006 mmol) and PhI(OAc)2 (81.0 mg, 0.251 mmol) at 0 °C and stirred 
for 4 h at that temperature.  The reaction was quenched with saturated Na2S2O3 aq. solution 
and organic materials were extracted with EtOAc three times.  The combined extract was 
washed with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The 
residue was purified by silica gel column chromatography with hexane/EtOAc (60:1–10:1) to 
give an aldehyde (R)-46 (60.2 mg, 84%) as a colorless oil.   [α]D24 +125.5 (c 1.14, CHCl3).  
1H NMR (500 MHz, CDCl3): δ 1.07 (3H, d, J = 6.9 Hz), 1.08 (3H, d, J = 6.9 Hz), 1.29 (3H, s), 
1.80 (1H, ddd, J = 13.4, 8.0, 4.4 Hz), 2.31 (1H, ddd, J = 13.5, 8.0, 4.4 Hz), 2.38–2.48 (2H, m), 
2.92 (1H, qq, J = 6.9, 6.9 Hz), 9.56 (1H, s); 13C NMR (125 MHz, CDCl3): δ 17.2, 20.2, 20.5, 
24.4, 26.1, 31.0, 58.0, 117.1, 118.3 (q, J = 319.6 Hz), 139.3, 144.5, 199.2; IR νmax 2970, 2937, 


















To a mixture of PdCl2(dppf)!CH2Cl2 (10.5 mg, 0.013 mmol) and K2CO3 was added a 
solution of boronate 3 (81.5 mg, 0.295 mmol) and triflate (R)-40 (80.5 mg, 0.268 mmol) in 
DMSO (4.0 mL) and stirred for 12 h at 80 °C under argon atmosphere.  The reaction was 
quenched with H2O and organic materials were extracted with EtOAc twice.  The combined 
extract was washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 
pressure.  The residue was purified by silica gel column chromatography with hexane/EtOAc 
(1:0–20:1) to furnish a 56:44 rotamer mixture of 40 (55.1 mg, 68%,) as a pale-yellow oil.  1H 
NMR (500 MHz, CDCl3): δ 0.87 (1.32H, d, J = 8.7 Hz), 0.89 (1.32H, d, J = 6.9 Hz), 0.91 
(1.68H, d, J = 6.9 Hz), 0.93 (1.68H, d, J = 6.9 Hz), 1.04 (1.68H, s), 1.10 (1.32H, s), 
1.77–1.81(0.44H, m), 1.88 (0.56H, ddd, J = 13.2, 9.3, 9.3 Hz), 2.17–2.20 (0.56H, m), 2.28–2.38 
(1H, m), 2.34 (1.68H, s), 2.38 (1.32H, s), 2.47–2.60 (2.56H, m), 3.88 (1.32H, s), 3.91 (1.68H, s), 
6.25 (0.56H, s), 6.40 (0.44H, s), 6.72 (0.56H, s), 6.73 (0.44 H, s), 9.53 (0.44H, s), 9.61 (0.56H, 
s), 10.25 (0.56H, s), 10.31 (0.44H, s); 13C NMR (125 MHz, CDCl3): δ 17.5, 19.8, 19.9, 20.4, 
21.1, 21.7, 22.3, 22.3, 28.2, 28.5, 28.7, 28.9, 32.7, 33.2, 55.7, 55.8, 63.7, 64.1, 111.5, 111.5, 
121.2, 121.9, 123.2, 124.9, 131.9, 134.9, 139.0, 141.3, 145.4, 146.0, 147.9, 152.4, 161.1, 162.3, 
190.2, 190.9, 201.9, 203.7; IR νmax 2958, 2927, 1718, 1688, 1599, 1568, 1449, 1401, 1289 cm–1; 
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(3aR,4R,5R)-1-Isopropyl-6-methoxy-3a,8-dimethyl-2,3,4,5-tetrahydro-3aH- 
cyclopenta[a]naphthalene-4,5-diol (47a) and (3aR,4S,5S)-47a 
To a solution of SmI2 (0.1 M in THF, 1.9 mL) was added a solution of aldehyde 40 (5.8 mg, 
0.019 mmol) at –20 °C and stirred at that temperature for 5 h under argon atmosphere.  The 
reaction was quenched with saturated sodium/potassium tartrate aq. solution and the organic 
materials were extracted with EtOAc three times.  The combined extract was washed with 
brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The residue was 
purified by silica gel column chromatography with hexane/EtOAc (1:0–1:1) to furnish 
(3aR,4R,5R)-47a (3.0 mg, 51%) and (3aR,4S,5S)-47a (2.9 mg, 49%) as colorless oil. 
(3aR,4R,5R)-47a: Rf = 0.50 (hexane:EtOAc = 2:1).  [α]D25 –154 (c 0.50, CHCl3).  1H 
NMR (500 MHz, CDCl3): δ 1.05 (3H, d, J = 6.6 Hz), 1.15 (3H, s), 1.22 (3H, d, J = 6.8 Hz), 1.25 
(1H, d, J =10.0 Hz), 1.63 (1H, ddd, J = 13.2, 9.8, 4.9 Hz), 2.22 (1H, ddd, J = 13.2, 10.0, 6.8 Hz), 
2.35 (3H, s), 2.46–2.60 (2H, m), 3.16 (1H, s), 3.24 (1H, qq, J = 6.8, 6.6 Hz), 3.76 (1H, d, J = 
10.0 Hz), 3.89 (3H, s), 4.83 (1H, s), 6.67 (1H, s), 6.88 (1H, s); 13C NMR (125 MHz, CDCl3): δ 
21.5, 21.9, 22.0, 23.4, 27.4, 29.8, 31.8, 51.4, 55.4, 70.3, 76.8, 110.1, 120.4, 121.6, 130.5, 132.5, 
138.2, 148.5, 158.4; IR νmax 3427, 2956, 1607, 1572, 1455, 1343 cm–1; HRMS (ESI) [M+Na]+ 
calculated for C19H26NaO3: 325.1779, found: 325.1773. 
(3aR,4S,5S)-47a: Rf = 0.20 (hexane:EtOAc = 2:1).  [α]D22 –158 (c 0.64, CHCl3).  1H 
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(1H, ddd, J = 13.2, 8.8, 4.4 Hz), 1.99 (1H, ddd, J = 13.2, 9.5, 8.1 Hz), 2.35 (3H, s), 2.40–2.43 
(1H, br-s) 2.49–2.59 (2H, m), 3.20 (1H, qq, J = 6.8, 6.6 Hz), 3.76 (1H, d, J = 7.4 Hz), 3.89 (3H, 
s), 4.03 (1H, s), 4.84 (1H, d, J = 7.4 Hz), 6.60 (1H, s,), 6.85 (1H, s); 13C NMR (125 MHz, 
CDCl3): δ 17.2, 21.2, 21.5, 21.9, 27.4, 29.7, 33.8, 53.2, 55.4, 73.0, 81.0, 109.6, 120.7, 122.6, 
133.3, 134.7, 138.3, 145.0, 157.9; IR νmax 3437, 2958, 1607, 1573, 1456, 1342 cm–1; HRMS 






To a solution of (COCl)2 (20 µL, 0.233 mmol) in CH2Cl2 (200 µL) was added a solution of 
dimethyl sulfoxide (DMSO, 25 µL, 0.352 mmol) in CH2Cl2 (200 µL) at –78 °C, and the mixture 
was stirred under argon atmosphere at that temperature for 30 min.  To the mixture was added 
a solution of diol (3aR,4R,5R)-47a and (3aR,4S,5S)-47a (6.9 mg, 0.023 mmol) in CH2Cl2 (200 
µL) and the stirring was continued at the same temperature.  After 1 h, Et3N (95 µL, 0.635 
mmol) was added to the mixture, and the temperature was gradually raised to 0 °C for over 2 h 
with stirring.  The reaction was quenched with saturated NH4Cl aq. and the organic materials 
were extracted with EtOAc twice.  The combined extract was washed with brine, dried over 
Na2SO4, filtered, and concentrated under reduced pressure.  The residue was purified by silica 
gel column chromatography with hexane/EtOAc (40:1–3:1) to furnish (R)-39 (3.1 mg, 46%) as 
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Hz), 1.29 (3H, s), 1.80 (1H, ddd, J = 14.2, 9.0, 4.9 Hz), 2.45 (3H, s), 2.49–2.68 (3H, m), 3.08 




C-C bond cleavage of (3aR,4S,5S)-47a 
To a solution of (3aR,4S,5S)-47a (7.8 mg, 0.026 mmol) in THF (600 µL) was added pyridine 
(50 µL, 0.619 mmol) and Pb(OAc)4 (41 mg, 0.092 mmol) at 0 °C, and the mixture was 
gradually warmed to room temperature with stirring for 2 h.  The reaction was quenched with 
saturated Na2S2O3 aq. solution and organic materials were extracted with EtOAc three times.  
The combined extract was washed with brine, dried over Na2SO4, filtered, and concentrated 
under reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (20:1–10:1) to furnish 40 (5.6 mg, 72%) as a pale-yellow oil.  The 1H NMR 
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To a solution of (3aR,4R,5R)-47a (9.2 mg, 0.030 mmol) in CH2Cl2 (0.7 mL) was added 
2,6-lutidine (21 µL, 0.179 mmol) and TBSOTf (17 µL, 0.074 mmol) at 0 °C, and the mixture 
was stirred for 30 min at that temperature.  The reaction was quenched with phosphate buffer 
solution (pH 7.0, 0.1 M), and the organic materials were extracted with EtOAc twice.  The 
combined extract was washed with brine and dried over Na2SO4, filtered, and concentrated 
under reduced pressure to furnish crude TBS ether.  To this was added pyridine (0.4 mL), 
Ac2O (0.4 mL) and DMAP (4.6 mg, 0.038 mmol), and the mixture was stirred for 16 h at room 
temperature.  The reaction was quenched with H2O and the organic materials were extracted 
with EtOAc twice.  The combined extract was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (1:0–20:1) to furnish (3aR,4R,5R)-47b (8.4 mg, 60%) as a 
colorless amorphous powder.  [α]D22 –129 (c 0.32, CHCl3).  1H NMR (500 MHz, CDCl3): δ 
0.12 (3H, s), 0.20 (3H, s), 0.78 (9H, s), 0.97 (3H, d, J = 6.8 Hz), 1.05 (3H, s), 1.19 (3H, d, J = 
7.0 Hz), 1.44 (1H, ddd, J = 12.7, 9.0, 3.9 Hz), 2.00 (3H, s), 2.12 (1H, ddd, J = 12.7, 10.0, 7.5 
Hz), 2.37 (3H, s), 2.40–2.51 (2H, m), 3.26 (1H, qq, J = 7.0, 6.8 Hz), 3.69 (1H, d, J = 1.7 Hz), 
3.78 (3H, s), 5.88 (1H, d, J = 1.7 Hz), 6.60 (1H, s), 6.91 (1H, s); 13C NMR (125 MHz, CDCl3): 
δ –5.2, –4.0, 18.0, 21.1, 21.5, 22.1, 23.4, 25.9 (3C), 27.5, 29.6, 31.7, 51.4, 55.4, 70.0, 75.7, 
109.6, 117.6, 120.1, 131.2, 134.8, 138.3, 145.9, 158.8, 170.0; IR νmax 2955, 2928, 1732, 1607, 
1574, 1462, 1235 cm–1; HRMS (ESI) [M+Na]+ calculated for C27H42NaO4Si: 481.2750, found: 
481.2718. 
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(1R,3aR,4R,5R,9bR)-4-tert-Butyldimethylsilyloxy-1-isopropyl-6-methoxy-3a,8-dimethyl- 
2,3,3a,4,5,9b-hexahydro-1H-cyclopenta[a]naphthalene-5-yl acetate 48a 
To a solution of 47b (6.4 mg, 0.014 mmol) in EtOH (2.0 mL) was added Pd/C (5% on 
carbon, 10.2 mg) in a pressure vessel as shown in General Methods.  The mixture was stirred 
under H2 atmosphere (8 atm) for 39 h.  Then the mixture was then filtered through a pad of 
Celite, and the combined filtrate and washings were concentrated under reduced pressure.  The 
residue was purified by silica gel column chromatography with hexane/EtOAc (1:0–40:1) to 
furnish (1R,3aR,4R,5R,9bR)-48a (1.8 mg, 28%) as a colorless oil and (3aR,4R,5R)-47b (3.1 mg, 
48% recovery).  (1R,3aR,4R,5R,9bR)-48a: 1H NMR (500 MHz, CDCl3): δ 0.06 (6H, s), 0.59 
(3H, d, J = 6.6 Hz), 0.89 (9H, s), 0.97 (3H, d, J = 6.4 Hz), 0.97–1.54 (3H, m), 1.23 (3H, s), 
1.34–1.42 (1H, m), 1.85–1.91 (1H, m), 2.07 (3H, s), 2.29 (3H, s), 2.29–2.34 (1H, m), 3.02 (1H, 
d, J = 6.8 Hz), 3.65 (1H, d, J = 7.8 Hz), 3.74 (3H, s), 6.13 (1H, d, J = 7.8 Hz), 6.52 (1H, s), 6.61 
(1H, s); 13C NMR (125 MHz, CDCl3): δ –3.8, –3.7, 18.3, 21.5, 21.6, 21.9, 23.8, 26.0 (3C), 26.4, 
28.4, 30.8, 33.1, 43.8, 53.9, 53.2, 55.3, 70.4, 77.8, 109.4, 121.4, 122.8, 137.0, 138.2, 157.2, 
170.9; IR νmax 2954, 2928, 1745, 1610, 1579, 1235 cm–1; HRMS (ESI) [M+Na]+ calculated for 






















To (1R,3aR,4R,5R,9bR)-48a (1.8 mg, 3.9 µmol) were added TBAF (1.0 M in THF, 500 µL) 
and NaOH (2.0 M in H2O, 120 µL) and the mixture was stirred at 70 °C for 45 h.  The reaction 
was quenched with H2O and organic materials were extracted with EtOAc three times.  The 
combined extract was washed with brine, dried over Na2SO4 and filtered.  The filtrate was 
concentrated under reduced pressure and the residue was purified by silica gel column 
chromatography with hexane/EtOAc (10:1–2:1) to furnish (1R,3aR,4S,9bR)-48b (0.8 mg, 67%) 
as a colorless oil.  1H NMR (500 MHz, CDCl3): δ 0.61 (3H, d, J = 6.6 Hz), 0.75–0.85 (1H, m), 
1.07 (3H, d, J = 6.4 Hz), 1.18 (1H, ddd, J = 14.1, 12.0, 7.3 Hz), 1.31–1.39 (1H, m), 1.35 (3H, s), 
1.54–1.60 (1H, m), 1.60–1.68 (1H, m), 2.19 (1H, m), 2.30 (3H, s), 3.01 (1H, d, J = 6.7 Hz), 3.46 
(1H, d, J = 9.0 Hz), 3.87 (3H, s), 4.73 (1H, d, J = 9.0 Hz), 6.58 (1H, s), 6.64 (1H, s); 13C NMR 
(125 MHz, CDCl3): δ 21.4, 21.6, 23.8, 26.3, 28.8, 29.6, 32.3, 43.0, 53.0, 53.1, 55.4, 69.5, 79.9, 
109.4, 123.7, 124.4, 136.7, 137.5, 156.8; IR νmax 3493, 2952, 2866, 1612, 1577, 1462 cm–1; 





















To a solution of (COCl)2 (5 µL, 0.058 mmol) in CH2Cl2 (200 µL) was added a solution of 
dimethyl sulfoxide (DMSO, 6 µL, 0.084 mmol) in CH2Cl2 (200 µL) at –78 °C, and the mixture 
was stirred under argon atmosphere at that temperature for 30 min.  To the mixture was added 
a solution of the diol (1R,3aR,4S,9bR)-48b (0.8 mg, 2.6 µmol) in CH2Cl2 (200 µL) and the 
stirring was continued at the same temperature.  After 30 min, Et3N (40 µL, 0.288 mmol) was 
added to the mixture, and the temperature was gradually raised to 0 °C for over 2 h with stirring.  
The reaction was quenched with saturated NH4Cl aq. and the organic materials were extracted 
with EtOAc twice.  The combined extract was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (1:0–20:1) to furnish (1R,3aR,9bR)-38 (0.3 mg, 38%) as a 
pale-yellow oil.  1H NMR (500 MHz, CDCl3): δ 0.44 (3H, d, J = 6.6 Hz), 0.57 (3H, d, J = 6.6 
Hz), 1.14–1.23 (1H, m), 1.27 (3H, s), 1.48–1.59 (2H, m), 1.75–1.81 (1H, m), 2.20–2.28 (1H, m), 
2.41 (3H, s), 2.47–2.52 (1H, m), 3.35 (1H, d, J = 9.5 Hz), 3.93 (3H, s), 6.71 (1H, s), 6.77 (1H, 
s); HRMS (ESI) [M+Na]+ calculated for C19H24NaO3: 323.1623, found: 323.1639.  This 1H 





















In a similar manner to the synthesis of 48a, a mixture of 47b (22.0 mg, 0.048 mmol) and 
Pd/C (10% on carbon, 21.0 mg) in EtOH (3.0 mL) was stirred under H2 atmosphere (8 atm) for 
20 h.  The mixture was filtered through a pad of Celite, and the combined filtrate and washings 
were concentrated under reduced pressure.  The residue was dissolved in a mixture of 
hexane/EtOAc (40:1), and the solution was filtered through short pad of silica gel to furnish 49a.  
1H NMR (500 MHz, CDCl3): δ 0.00 (3H, s), 0.07 (3H, s), 0.63 (1H, d, J = 6.7 Hz), 0.91 (9H, s), 
0.97–1.03 (1H, m), 1.07 (1H, d, J = 6.2 Hz), 1.19 (3H, s), 1.39–1.43 (1H, m), 1.79–1.88 (1H, 
m), 2.21–2.27 (1H, m), 2.30 (3H, s), 2.34 (1H, dd, J = 15.6, 11.2 Hz), 2.90 (1H, dd, J = 15.6, 
4.3 Hz), 2.95 (1H, d, J = 7.0 Hz), 3.48 (1H, dd, J = 11.2, 4.3 Hz), 3.79 (3H, s), 6.50 (1H, s), 
6.60 (1H, s); 13C NMR (125 MHz, CDCl3): δ –4.9, –3.9, 18.1, 21.5, 21.7, 23.9, 25.9 (3C), 26.5, 
28.6, 29.8, 30.4, 32.6, 46.1, 53.7, 53.8, 55.4, 76.0, 108.2, 122.8, 123.1, 134.8, 138.5, 156.4.  
This was employed for the next step without further purification. 
To a solution of the above-mentioned 49a in THF (400 µL) was added TBAF (1.0 M in THF, 
400 µL) and the mixture was stirred at 40 °C for 15 h.  The reaction was quenched with H2O 
and organic materials were extracted with EtOAc three times.  The combined extract was 
washed with brine, dried over Na2SO4 and filtered.  The filtrate was concentrated under 
reduced pressure and the residue was purified by silica gel column chromatography with 
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colorless solid.  [α]D21 +70 (c 0.56, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.66 (3H, d, J = 
6.6 Hz), 0.96 (1H, m), 1.09 (3H, d, J = 6.1 Hz), 1.13 (1H, m), 1.30 (3H, s), 1.48 (1H, m), 1.61 
(1H, m), 2.11 (1H, m), 2.30 (3H, s), 2.38 (1H, dd, J = 15.4, 11.5 Hz), 3.00 (1H, d, J = 6.4 Hz), 
3.02 (1H, dd, J = 15.4, 4.4 Hz), 3.55 (1H, dd, J = 11.5, 4.4 Hz), 3.79 (3H, s), 6.51 (1H, s), 6.60 
(1H, s); 13C NMR (125 MHz, CDCl3): δ 21.5, 21.7, 23.9, 26.4, 28.3, 29.6, 29.7, 31.9, 45.7, 53.4, 
53.9, 55.3, 75.7, 108.3, 122.5, 122.7, 135.0, 138.2, 156.3; IR νmax 2939, 2867, 1463, 1272 cm–1; 
HRMS (ESI) [M+Na]+ calculated for C19H28NaO2: 311.1987, found: 311.1962.  Its NMR and 





To a suspension of 49b (8.5 mg, 0.030 mmol) and powdered 4A molecular sieve (93.6 mg) 
in CH2Cl2 (1.0 mL) were added NMO (41.0 mg, 0.350 mmol) and TPAP (6.0 mg, 0.017 mmol), 
and stirred under argon atmosphere for 4 h.  The reaction mixture was directly purified by 
silica gel column chromatography with hexane/EtOAc (10:1-2:1) to furnish 38 (5.7 mg, 64%) as 
a pale-yellow oil.  [α]D21 –228 (c 0.35, CH2Cl2).  1H NMR spectrum was identical with 
above-mentioned that of 38.  13C NMR (125 MHz, CDCl3): δ 20.4, 22.4, 23.1, 24.2, 28.0, 28.6, 
35.4, 51.9, 55.1, 56.0 (2C), 110.9, 120.6, 124.4, 145.9, 147.2, 161.4, 180.8, 201.7; IR νmax 2955, 
1721, 1677, 1604 cm–1; HRMS (ESI) [M+Na]+ calculated for C19H24NaO3: 323.1623, found: 















To a solution of 60 (4.30 g, 28.6 mmol) in MeOH (50 mL) was added NaBH4 (875 mg, 
23.1 mmol) and stirred at 0 °C for 1 h.  The reaction was quenched with saturated NH4Cl aq. 
solution and organic materials were extracted with EtOAc three times.  The combined extract 
was washed with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  
The residue was purified by silica gel column chromatography with hexane/EtOAc (2:1) to give 
an alcohol (3.92 g, 90%) as a colorless oil.  1H NMR spectrum was identical with that reported 
previously.30c  This was employed for the next step without further purification. 
To a solution of the alcohol (7.13 mg, 7.42 mmol) in CH2Cl2 (20 mL) was added imidazole 
(1.04 g, 15.3 mmol) and TBSCl (1.66 g, 11.0 mmol) at 0 °C and stirred for 29 h at room 
temperature under argon atmosphere.  The reaction was quenched with phosphate buffered 
solution (pH 7.0, 0.2 M) and organic materials were extracted with EtOAc twice.  The 
combined extract was washed with brine, dried over Na2SO4, filtered, and concentrated under 
reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (1:0–20:1) to furnish TBS ether (1.82 g, 92%) as a colorless oil.  [α]D20 +98.3 
(c 1.14, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.03 (3H, s), 0.04 (3H, s), 0.86 (9H, s), 
1.59–1.71 (4H, m), 1.72 (3H, s), 2.03 (1H, m), 2.23 (1H, ddd, J = 15.5, 9.0, 3.5 Hz), 2.33–2.39 
(1H, m), 3.45 (1H, dd, J = 9.0, 0.0 Hz), 3.93 (1H, d, J = 11.5 Hz), 4.23 (1H, d, J = 11.5 Hz), 
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37.9, 54.0, 58.2, 110.2, 135.6, 136.7, 148.1; IR νmax 2953, 2927, 2895, 2856, 1471, 1438, 1371 
cm–1. 
To the solution of the above-mentioned TBS ether (1.82 g, 6.83 mmol) in tetrahydrofuran 
(THF, 27 mL) was added 9-BBN dimer (1.76 g, 14.4 mmol) at 0 °C and stirred at room 
temperature for 2 h under argon atmosphere.  The reaction was treated with NaOH aq. solution 
(3 M, 30 mL) and H2O2 aq. solution (30%, 30 mL) and stirred for 1 h at room temperature.  
The organic materials were extracted with EtOAc three times and the combined extract was 
washed with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The 
residue was purified by silica gel column chromatography with hexane/EtOAc (100:1–10:1) to 
furnish 62a (1.68 g, 86%) as a colorless oil.  [α]D21 +20.4 (c 1.22, CHCl3).  1H NMR (500 
MHz, CDCl3): δ 0.08 (3H, s), 0.10 (3H, s), 0.85 (3H, d, J = 7 Hz), 0.91 (9H, s), 1.61–1.66 (4H, 
m), 1.91 (1H, m), 2.11 (1H, m), 2.21 (1H, ddd, J = 14.5, 9.5, 4.5 Hz), 2.31–2.38 (1H, m), 2.97 
(1H, m), 3.43 (1H, dd, J = 11.0, 6.0 Hz), 3.52 (1H, dd, J = 11.0, 8.0 Hz), 4.24 (2H, m); 13C 
NMR (100 MHz, CDCl3): δ –5.5, –5.3, 14.1, 15.1, 18.3, 24.1, 25.9 (3C), 37.9, 38.5, 49.2, 56.4, 
66.1, 135.2, 136.1; IR νmax 3375, 2953, 2927, 2883, 2856, 1471, 1462, 1377, 1361, 1251 cm–1; 
HRMS (ESI) [M+Na]+ calculated for C16H32NaO2Si: 307.2069, found: 307.2014. 
To a solution of 62a (40.4 mg, 0.142 mmol) in THF (1.0 mL) was added TBAF (1 M 
solution in THF, 300 µL) and stirred at room temperature for 2 h.  The reaction was quenched 
with saturated NH4Cl aq. solution and organic materials were extracted with EtOAc four times.  
The combined extract was washed with brine, dried over Na2SO4 and filtered.  The filtrate was 
concentrated under reduced pressure and the residue was purified by silica gel column 
chromatography with hexane/EtOAc (10:1–1:1) to afford 62b (17.7 mg, 72%).  The 
stereochemistry of 1’-position was determined by 1H NMR spectra with the comparison of 
authentic signals (CDCl3): δ 0.89 (d, 3H, J = 7 Hz, for 62b), 0.67 (d, 3H, J = 7 Hz, for 






To a solution of alcohol 62a (197 mg, 0.693 mmol) in CH2Cl2 (7.0 mL) were added 
NaHCO3 (312 mg, 3.72 mmol) and Dess-Martin periodinate (517 mg, 1.22 mmol) at 0 °C and 
stirred at room temperature for 2 h.  The reaction was quenched with a mixture of saturated 
NaHCO3 aq. solution and saturated Na2S2O3 aq. solution, and the organic materials were 
extracted with EtOAc three times.  The combined extract was washed with brine and dried 
over Na2SO4, filtered, and concentrated under reduced pressure.  The residue was purified by 
silica gel column chromatography with hexane/EtOAc (1:0–50:1) to furnish an aldehyde (185 
mg, 95%) as a colorless oil.  [α]D21 –65.1 (c 1.14, CHCl3).  1H NMR (400 MHz, CDCl3): δ 
0.05 (3H, s), 0.06 (3H, s), 0.89 (9H, s), 1.03 (3H, d, J = 6.8 Hz), 1.54 (1H, m), 1.66 (3H, s), 
1.96–2.16 (1H, m), 2.17–2.27 (2H, m), 2.75 (1H, dddd, J = 12.8, 6.8, 3.6, 1.2 Hz), 3.21 (1H, m), 
4.15 (1H, d, J = 12.4 Hz), 4.28 (1H, d, J = 12.4 Hz), 9.71 (1H, d, J = 1.2 Hz); 13C NMR (100 
MHz, CDCl3): δ –5.4 (2C), 11.2, 14.0 18.3, 25.0, 25. 9 (3C), 37.5, 48.4, 48.6, 58.3, 134.3, 136.8, 
206.8; IR νmax 32953, 2030, 2895, 2885, 2857, 1722, 1471, 1462, 1251 cm–1; HRMS (ESI) 
[M+Na]+ calculated for C16H30NaO2Si: 305.1913, found: 305.1866. 
To a solution of Ph3P+CH3I– (734 mg, 1.82 mmol) in THF (7 mL) was added n-BuLi solution 
in hexane (1.56 M, 1.20 mL) at 0 °C and stirred for 30 min. The mixture was cooled to –78 °C, 
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warmed to 0 °C in 1 h.  The reaction was quenched with saturated NH4Cl aq. solution and 
organic materials were extracted with EtOAc three times.  The combined extract was washed 
with brine, dried over Na2SO4 and filtered.  The filtrate was concentrated under reduced 
pressure and the residue was filtered through a short pad of silica gel with hexane/EtOAc 
(100:1) to furnish a crude 63.  1H NMR (400 MHz, CDCl3): δ 0.05 (3H, s), 0.07 (3H, s), 0.90 
(9H, s), 1.01 (3H, d, J = 6.8), 1.56 (1H, dddd, J = 13.6, 7.6, 5.6, 5.2 Hz), 1.65 (3H, s), 1.72–1.82 
(1H, m), 2.14–2.21 (2H, m), 2.56–2.62 (1H, m), 2.86–2.94 (1H, m), 4.11 (1H, d, J = 12.0 Hz), 
4.29 (1H, d, J = 12.0 Hz), 4.92–4.97 (2H, m), 5.75 (1H, m); 13C NMR (125 MHz, CDCl3): δ 
–5.4, –5.3, 14.0, 17.7, 18.4, 22.6, 25.8 (3C), 37.6, 37.9, 51.4, 58.3, 113.5, 135.5, 135.8, 141.1; 





To a solution of the above-mentioned crude 63 in THF (3.5 mL) was added TBAF solution 
in THF (1 M, 2.50 mL) at 0 °C and stirred at room temperature for 2 days.  The reaction was 
quenched with phosphate buffered solution (pH 7.0, 0.2 M) and organic materials were 
extracted with EtOAc four times.  The combined extract was washed with brine, dried over 
Na2SO4 and filtered.  The filtrate was concentrated under reduced pressure and the residue was 
filtered through short pad silica gel hexane/EtOAc (5:1) to furnish crude alcohol.  1H NMR 
(500 MHz, CDCl3): δ 1.03 (3H, d, J = 7.0 Hz), 1.58 (1H, dddd, J = 14.0, 9.0, 5.5, 5.5 Hz), 
1.80–1.88 (1H, m), 2.20–2.24 (2H, m), 2.56–2.61 (1H, m), 2.92 (1H, m), 4.10 (1H, d, J = 12.0 
OTBS
H 1) TBAF, THF
2) mCPBA, NaHCO3
    CH2Cl2, –30 °C
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Hz), 4.25 (1H, d, J = 12.0 Hz), 4.96–5.10 (2H, m), 5.77 (1H, ddd, J = 17.0, 10.5, 6.5 Hz); 13C 
NMR (100 MHz, CDCl3): δ 14.0, 17.5, 23.2, 37.7, 38.4, 51.5, 57.6, 114.0, 135.6, 138.4, 141.2; 
IR νmax 3310, 2958, 2914, 2870, 2841, 1637, 1456, 1436, 1413, 1379, 1371 cm–1. 
To a solution of the above-mentioned crude alcohol in CH2Cl2 (12 mL) was added NaHCO3 
(230 mg, 2.74 mmol) and mCPBA (417 mg, 1.69 mmol) at –30 °C and stirred for 3 h.  The 
reaction was quenched with saturated Na2S2O3 aq. solution and organic materials were extracted 
with EtOAc twice.  The combined extract was washed with 2 M NaOH aq. solution and brine, 
dried over Na2SO4 and filtered.  The filtrate was concentrated under reduced pressure and the 
residue was purified by silica gel column chromatography with hexane/EtOAc (20:1–4:1) to 
furnish 64 (217 mg, 86% over three steps) as a colorless solid.  Mp 71.3–71.9 °C (colorless 
fine needles from hexane).  [α]D21 –29.1 (c 1.08, CHCl3).  1H NMR (500 MHz, CDCl3): δ 
1.04 (3H, d, J = 6.5 Hz), 1.36 (3H, s), 1.44–1.47 (2H, m), 1.56–1.63 (1H, m), 1.85–1.89 (1H, m), 
2.37–2.40 (1H, m), 2.53–2.61 (1H, m), 3.64 (1H, d, J = 12.0 Hz), 4.15 (1H, d, J = 12.0 Hz), 
4.99–5.06 (2H, m), 5.64 (1H, ddd, J = 17.5, 10.5, 7.5 Hz); 13C NMR (125 MHz, CDCl3): δ 15.5, 
18.7, 20.4, 33.6 37.2, 46.3, 60.4, 70.2, 72.8, 114.5, 140.1; IR νmax 3296, 2958, 2939, 2927, 1639, 










    toluene
    60 °C, 98%
2) Ac2O, pyridine





  74 
2.26 mmol) at room temperature and stirred at 60 °C for 2 h under argon atmospher.  The 
reaction was quenched with 1 M HCl aq. solution and organic materials were extracted with 
EtOAc five times.  The extract was dried over Na2SO4, filtered, and concentrated under 
reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (6:1–2:1) to furnish a diol (402 mg, 98%) as a colorless oil.  [α]D21 –3.2 (c 1.08, 
CHCl3).  1H NMR (500 MHz, CDCl3): δ 1.18 (3H, d, J = 6.8 Hz), 1.30–1.36 (1H, m), 1.72 (1H, 
dd, J = 8.3, 4.4 Hz), 1.76–1.87 (2H, m), 2.23 (1H, s), 3.28 (1H, ddd, J = 15.4, 15.4, 6.9 Hz), 
2.38–2.42 (2H, m), 3.45 (1H, dd, J = 11.2, 4.4 Hz), 3.73 (1H, dd, J = 11.2, 8.3 Hz), 4.90 (1H, dd, 
J = 10.2, 1.7 Hz), 4.99 (1H, dd, J = 16.2, 1.7 Hz), 5.04–5.09 (2H, m), 5.68 (1H, ddd, J = 16.2, 
10.2, 8.8 Hz); 13C NMR (125 MHz, CDCl3): δ 19.9, 25.5 27.5, 38.7, 53.2, 63.4, 82.1, 108.0, 
113.1, 143.6, 155.4; IR νmax 3390, 3074, 2958, 2931, 2875, 1456, 1375 cm–1; HRMS (ESI) 
[M+Na]+ calculated for C11H18NaO2: 205.1205, found: 205.1206. 
To a solution of the above-mentioned diol (402 mg, 2.21 mmol) in pyridine (2.2 mL) was 
added Ac2O (2.2 mL) and stirred for 1 h at room temperature.  The reaction was quenched with 
water and organic materials were extracted with EtOAc four times.  The combined extract was 
washed with 2 M HCl aq. solution and brine, dried over Na2SO4, filtered, and concentrated 
under reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (20:1–5:1) to furnish 65 (490 mg, 99%) as a colorless oil.  [α]D21 –25.8 (c 1.11, 
CHCl3).  1H NMR (500 MHz, CDCl3): 1.20 (3H, d, J = 6.8 Hz), 1.36 (1H, dddd, J = 12.2, 12.2, 
9.7, 9.7 Hz), 1.60–1.80 (1H, br–s), 1.74 (1H, ddd, J = 11.9, 9.7, 7.5 Hz), 1.80–1.87 (1H, m), 
2.08 (3H, s), 2.22–2.28 (1H, m), 2.37–2.41 (2H, m), 4.11(1H, d, J = 12.3 Hz), 4.24 (1H, d, J = 
12.3 Hz), 4.90 (1H, dd, J = 10.1, 2.0 Hz), 4.96–5.00 (2H, m), 5.08 (1H, dd, J = 2.5, 2.5 Hz), 
5.65 (1H, ddd, J = 18.6 10.1, 8.6); 13C NMR (125 MHz, CDCl3): δ 19.8, 20.9, 25.8, 27.5, 39.1, 
54.3, 65.5, 81.0, 108.1, 113.2, 143.3, 155.0, 171.2; IR νmax 3479, 2970, 1732, 1373, 1224 cm–1; 
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To a solution of 65 (21.8 mg, 0.097 mmol) in toluene (1.5 mL) were added TBHP (solution 
in toluene, 2 M, 53 µL) and VO(acac)2 (4.8 mg, 0.018 mmol) at 0 °C and stirred under argon 
atmosphere.  After 2 h, to the reaction was added NaOMe solution in MeOH (0.5 M, 1.9 mL, 
0.95 mmol) and the reaction mixture was stirred at room temperature for 1 h.  The reaction was 
quenched with brine and organic materials were extracted with EtOAc eight times.  The 
combined extract was dried over Na2SO4, filtered, and concentrated under reduced pressure.  
The residue was purified by silica gel column chromatography with hexane/EtOAc (5:1–2:1) to 
furnish 67a (20.5 mg, 92%) as a colorless oil.  [α]D21 –26.7 (c 1.20, CHCl3).  1H NMR (500 
MHz, CDCl3): δ 1.12 (3H, d, J = 6.3 Hz), 1.16–1.20 (1H, m), 1.63–1.69 (1H, m), 1.78–1.87 (2H, 
m), 2.08–2.22 (2H, m), 3.36 (1H, d, J = 10.0 Hz), 3.41 (3H, s), 3.46 (1H, d, J = 10.0 Hz), 3.64 
(1H, d, J = 12.0 Hz), 3.71 (1H, d, J = 12.0 Hz), 4.86 (1H, dd, J = 10.0, 1.8 Hz), 4.96 (1H, ddd, J 
= 17.1, 1.8, 0.8 Hz), 5.62 (1H, ddd, J = 17.1, 10.0, 8.3 Hz); 13C NMR (125 MHz, CDCl3): δ 
19.5, 24.4 29.7, 39.4, 48.5, 59.5, 61.1, 75.4, 81.1, 82.3, 112.8, 143.9; IR νmax 3432, 2952, 2896, 
























To a solution of 67a (33.1 mg, 0.144 mmol) in CH2Cl2 (1.0 mL) was added pyridine (115 µL, 
1.42 mmol) and triphosgene (24.7 mg, 0.0832 mmol) at 0 °C and stirred for 1 h under argon 
atmosphere.  The reaction was quenched with saturated NH4Cl aq. solution and organic 
materials were extracted with EtOAc four times.  The combined extract was washed with brine, 
dried over Na2SO4, filtered, and concentrated under reduced pressure.  The residue was 
purified by silica gel column chromatography with hexane/EtOAc (10:1–3:1) to furnish 
carbonate 67b (30.2 mg, 82%) as a colorless oil.  [α]D22 –55.6 (c 1.14, CHCl3).  1H NMR 
(500 MHz, CDCl3): δ 1.09 (3H, d, J = 6.6 Hz), 1.10–1.16 (1H, m), 1.47 (1H, ddd, J = 14.9, 11.5, 
4.9 Hz), 1.72 (1H, ddd, J = 14.9, 10.3, 5.9 Hz), 1.99 (1H, dddd, J = 10.3, 10.3, 5.1, 4.9 Hz), 
2.13–2.19 (1H, m), 2.67 (1H, m), 3.15–3.20 (1H, br–s), 3.36 (3H, s), 3.44 (1H, d, J = 10.2 Hz), 
3.53 (1H, d, J =10.2 Hz), 4.43 (1H, d, J = 9.5 Hz), 4.45 (1H, d, J = 9.5 Hz), 4.95 (1H, dd, J = 
10.1, 1.5 Hz), 5.01 (1H, ddd, J = 16.9, 1.5, 0.8 Hz), 5.65 (1H, ddd, J = 16.9, 10.1, 8.6 Hz); 13C 
NMR (125 MHz, CDCl3): δ 19.2, 23.6, 28.4, 39.5, 45.0, 59.3, 66.0, 74.8, 80.4, 92.3, 114.2, 
142.2, 154.3; IR νmax 3500, 2969, 2933, 1877, 1793, 1735, 1637, 1456, 1375, 1241 cm–1; HRMS 
(ESI) [M+Na]+ calculated for C13H20NaO5: 279.1208, found: 279.1173. 
To a solution of above-mentioned 67b (30.3 mg, 0.118 mmol) in CH2Cl2 (1.0 mL) was 
added imidazole (48.3 mg, 0.710 mmol) and TMSCl (45 µL, 0.356 mmol) at –30 °C and stirred 
for 16 h.  The reaction was quenched with phosphate buffered solution (pH 7.0, 0.2 M) and 
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with brine, dried over Na2SO4, filtered and concentrated under reduced pressure.  The residue 
was purified by silica gel column chromatography with hexane/EtOAc (30:1–10:1) to furnish 
TMS ether 67c (34.4 mg, 90%) as a colorless solid.  Mp 51.5–52.5 °C (colorless fine needles 
from hexane).  [α]D21 –63.6 (c 1.31, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.15 (9H, s), 
1.07 (3H, d, J = 6.9 Hz), 1.13–1.23 (1H, m), 1.67–1.79 (2H, m), 1.89 (1H, dddd, J = 14.2, 9.3, 
9.3, 4.7 Hz), 2.20–2.25 (1H, m), 2.52 (1H, m), 3.33 (3H, s), 3.36 (1H, d, J = 10.3 Hz), 3.43 (1H, 
d, J = 10.3 Hz), 4.34 (1H, d, J = 9.2 Hz), 4.46 (1H, d, J = 9.2 Hz), 4.98 (1H, dd, J = 10.3, 1.5 
Hz), 5.02 (1H, dd, J = 17.1, 1.5 Hz), 5.65 (1H, ddd, J = 17.2, 10.3, 8.3 Hz); 13C NMR (125 MHz, 
CDCl3): δ 2.1 (3C), 19.6, 23.3 30.6, 39.0, 46.2, 59.0, 65.9, 74.5, 83.8, 92.4, 114.5, 141.7, 154.7; 
IR νmax 2958, 2892, 1799, 1454, 1247 cm–1; HRMS (ESI) [M+Na]+ calculated for 





To a solution of 67c (280 mg, 0.863 mmol) in THF (6.0 mL) and H2O (3.0 mL) were added 
2,6-lutidine (255 µL, 2.17 mmol), NaIO4 (470 mg, 2.20 mmol) and K2OsO2(OH)4 (15.5 mg, 
0.042 mmol), and stirred for 5 h at room temperature.  The reaction was quenched with 
saturated Na2S2O3 aq. solution and organic materials were extracted with EtOAc three times.  
The combined extract was washed with brine, dried over Na2SO4, filtered, and concentrated 
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hexane/EtOAc (30:1–2:1) to furnish 68 (248 mg, 87%) as a colorless oil.  [α]D21 –29.4 (c 1.06, 
CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.16 (9H, s), 1.09 (3H, d, J = 6.6 Hz), 1.19–1.24 (1H, 
m), 1.21 (3H, d, J = 7.1 Hz) 1.72–1.84 (2H, m), 2.09 (1H, dddd, J = 13.5, 9.8, 9.5, 5.6 Hz), 2.43 
(1H, dqd, J = 9.8, 7.1, 2.7 Hz), 2.86 (1H, ddd, J = 9.8, 9.8, 9.8 Hz), 3.33 (3H, s), 3.42 (1H, d, J 
= 10.3 Hz), 3.51 (1H, d, J = 10.3 Hz), 4.20 (1H, d, J = 9.5 Hz), 4.50 (1H, d, J = 9.5 Hz), 9.56 
(1H, d, J = 2.7 Hz); 13C NMR (125 MHz, CDCl3): δ 2.1 (3C), 12.8, 23.1, 30.9, 42.3, 47.1, 59.0, 
66.3, 74.5, 83.2, 92.0, 154.3, 202.5; IR νmax 2953, 1800, 1724, 1457, 1390, 1249, 1182 cm–1; 






To a solution of Ohira-Bestmann reagent (90 µL, 0.599 mmol) in THF (2.5 mL) was added 
NaOMe (solution in MeOH, 0.5 M, 1.0 mL) at –78 °C and stirred under argon atmosphere.  
After 30 min, to the mixture was added a solution of 68 (153 mg, 0.462 mmol) in THF (2.5 mL) 
and the reaction mixture was gradually warmed to 0 °C over 3 h.  The reaction was quenched 
with phosphate buffered solution (0.1 M, pH 7.0) and organic materials were extracted with 
EtOAc three times.  The combined extract was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (60:1–5:1) to furnish alkyne (108 mg, 72%) as a colorless 
1) 
    NaOMe, THF
    –78 ~ 0 °C, 72%
2) Bu3SnH, Pd(PPh3)4
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oil.  [α]D21 –92.1 (c 1.20, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.14 (9H, s), 1.24 (3H, d, J 
= 6.8 Hz), 1.51–1.60 (1H, m), 1.74 (1H, ddd, J = 13.0, 8.3, 8.0 Hz), 1.87–2.00 (2H, m), 2.13 
(1H, d, J = 2.4 Hz), 2.58 (1H, ddd, J = 9.8, 9.5, 3.9 Hz), 2.74–2.81 (1H, m), 3.33 (3H, s), 3.39 
(1H, d, J = 10.2 Hz), 3.55 (1H, d, J = 10.2 Hz), 4.56 (1H, d, J = 9.8 Hz), 4.60 (1H, d, J = 9.8 
Hz); 13C NMR (125 MHz, CDCl3): δ 2.0 (3C), 20.8, 21.3 25.4, 31.4, 47.1, 58.9, 66.4, 71.8, 74.0, 
83.5, 85.8, 92.0, 154.5; IR νmax 3281, 2956, 1802, 1658, 1584, 1451, 1386, 1249, 1179 cm–1; 
HRMS (ESI) [M+Na]+ calculated for C16H26NaO5Si: 349.1447, found: 349.1464. 
To Pd(PPh3)4 (7.0 mg, 0.006 mmol) were added a solution of above-mentioned alkyne (43.4 
mg, 0.133 mmol) in THF (1.5 mL) and Bu3SnH (53 µL, 0.202 mmol) at 0 °C and stirred for 2 h 
under argon atmosphere.  The reaction mixture was concentrated under reduced pressure and 
the residue was purified by 10w/w% K2CO3 on silica gel column chromatography with 
hexane/EtOAc (1:0–40:1) to furnish 59 (59.0 mg, 71%) as a colorless oil.  [α]D18 –44.5 (c 1.11, 
CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.15 (9H, s), 0.81–0.94 (15H, m), 1.06 (3H, d, J = 6.6 
Hz), 1.16–1.24 (1H, m), 1.25–1.34 (6H, m), 1.43–1.52 (6H, m), 1.67 (1H, ddd, J = 13.7, 9.5, 7.1 
Hz), 1.77 (1H, ddd, J = 13.7, 10.0, 4.9 Hz), 1.83–1.91 (1H, m), 2.18–2.24 (1H, m), 2.47–2.54 
(1H, m), 3.33 (3H, s), 3.34 (1H, d, J = 10.2 Hz), 3.44 (1H, d, J = 10.2 Hz), 4.35 (1H, d, J =9.3 
Hz), 4.41 (1H, d, J = 9.3 Hz), 5.73 (1H, dd, J = 18.8, 8.1 Hz), 4.89 (1H, d, J = 18.8 Hz); 13C 
NMR (125 MHz, CDCl3): δ 2.1 (3C), 9.5 (3C), 13.7 (3C), 19.8, 23.5, 27.2 (3C), 29.1 (3C), 30.5, 
43.1, 46.1, 59.1, 66.0, 74.5, 83.9, 92.4, 127.9, 151.8, 154.7; IR νmax 2954, 2924, 1807, 1457, 









To PEPPSI-IPr (6.0 mg, 0.009 mmol) was added a solution of 59 (49.0 mg, 0.079 mmol) and 
(R)-22 (25.1 mg, 0.078 mmol) in DMSO (1.5 mL) and stirred for 18 h at 60 °C under argon 
atmosphere.  The reaction was quenched with H2O and organic materials were extracted with 
EtOAc three times.  The combined extract was washed with brine and dried over Na2SO4, 
filtered, and concentrated under reduced pressure.  The residue was purified by silica gel 
column chromatography with hexane/EtOAc (30:1–2:1) to furnish 58a (26.5 mg, 72%) as a 
colorless oil.  1H NMR (500 MHz, CDCl3): δ 0.16 (9H, s), 1.00 (3H, d, J = 6.8 Hz), 1.01 (3H, 
d, J = 6.9 Hz), 1.07 (3H, s), 1.10 (3H, d, J = 6.6 Hz), 1.16–1.22 (1H, m), 1.49–1.54 (1H, m), 
1.66–1.79 (2H, m), 1.84–1.91 (1H, m), 1.97 (1H, ddd, J =12.7, 8.5, 6.1 Hz), 2.19–2.26 (1H, m), 
2.28–2.32 (2H, m), 2.50–2.57 (1H, m), 2.85 (1H, qq, J = 6.9, 6.8 Hz), 3.30 (3H, s), 3.35–3.40 
(2H, m), 3.44 (1H, d, J = 10.5 Hz), 3.61 (1H, d, J = 10.8 Hz), 4.35 (1H, d, J = 9.3 Hz), 4.45 (1H, 
d, J = 9.3 Hz), 5.48 (1H, dd, J = 16.1, 8.8 Hz), 5.97 (1H, d, J = 16.1 Hz); 13C NMR (125 MHz, 
CDCl3): δ 2.1 (3C), 20.3, 21.3, 21.7, 22.3, 23.6, 27.4, 28.4, 30.6, 34.3, 39.3, 46.5, 52.8, 59.1, 
65.9, 69.3, 74.5, 83.8, 92.3, 123.0, 133.6, 133.9, 150.2, 154.7; IR νmax 3464, 2958, 1793, 1454, 
1383, 1249, 1180, 1108, 1061 cm–1; HRMS (ESI) [M+Na]+ calculated for C26H44NaO6: 




























To a solution of alcohol 58a (9.3 mg, 0.019 mmol) in pyridine (300 µL) was added benzoyl 
chloride (7 µL, 0.060 mmol) and DMAP (1.8 mL, 0.015 mmol) and stirred for 2 h at room 
temperature.  The reaction was quenched with H2O and organic materials were extracted with 
EtOAc three times.  The combined extract was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (30:1–10:1) to furnish 58b (7.9 mg, 70%) as a colorless oil.  
1H NMR (400 MHz, CDCl3): δ 0.14 (9H, s), 0.96 (3H, d, J = 6.8 Hz), 1.01 (3H, d, J = 6.8 Hz), 
1.07 (3H, d, J = 9.7 Hz), 1.11–1.17 (1H, m), 1.20 (3H, s), 1.49–1.68 (3H, m), 1.79–1.90 (1H, 
m), 1.99–2.05 (1H, m), 2.17–2.24 (1H, m), 2.30–2.39 (2H, m), 2.47–2.54 (1H, m), 2.83 (1H, qq, 
J = 6.8, 6.8 Hz), 3.30 (3H, s), 3.32 (1H, d, J =10.4 Hz), 3.39 (1H, d, J = 10.4 Hz), 4.17 (1H, d, J 
= 9.2 Hz), 4.26 (1H, d J = 9.2 Hz), 4.33 (1H, d, J = 10.6 Hz), 4.39 (1H, d, J = 10.6 Hz), 5.44 

































To a solution of alcohol 58a (13.4 mg, 0.028 mmol) in THF (500 µL) was added DIBAL-H  
(solution in hexane, 1.0 M, 1.8 mL) at –78 °C with stirring and the reaction mixture was 
gradually warmed to –30 °C over 1 h.  The reaction was quenched with saturated 
sodium/potassium tartrate aq. solution and organic materials were extracted with EtOAc three 
times.  The combined extract was washed with brine, dried over Na2SO4, filtered, and 
concentrated under reduced pressure.  The residue was purified by silica gel column 
chromatography with hexane/EtOAc (10:1–3:1) to furnish 58c (3.5 mg, 28%), 58d (3.7 mg, 
29%) and 58e (2.9 mg, 22%). 
58c: 1H NMR (500 MHz, CDCl3): δ 0.17 (9H, s), 0.99 (3H, d, J = 7.1 Hz), 1.00 (3H, d, J = 











58c (R1= TMS, R2 = H: 28%)
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1.88–2.05 (2H, m), 2.24–2.29 (2H, m), 2.32–2.38 (1H, m), 2.89 (1H, qq, J = 7.1, 6.9 Hz), 3.28 
(1H, d, J = 9.8 Hz), 3.30–3.37 (2H, m), 3.36 (3H, s), 3.48 (1H, d, J = 9.8 Hz), 3.59 (1H, d, J = 
12.2 Hz), 3.69 (1H, d, J = 12.2 Hz), 5.55 (1H, dd, J = 16.1, 9.0 Hz), 6.04 (1H, d, J = 16.1 Hz). 
58d: 1H NMR (500 MHz, CDCl3): δ 0.16 (9H, s), 0.98 (3H, d, J = 6.8 Hz), 1.00 (3H, d, J = 
6.9 Hz), 1.05 (3H, s), 1.14 (3H, d, J = 6.1 Hz), 1.19–1.28 (2H, m), 1.46–1.68 (3H, m), 
1.79–1.83 (1H, m), 1.95 (1H, ddd, J = 12.7, 8.5, 6.6 Hz), 2.14–2.30 (3H, m), 2.86 (1H, qq, J = 
6.9, 6.8 Hz), 3.32 (1H, d, J = 10.8 Hz), 3.34 (3H, s), 3.40 (1H, d, J = 9.1 Hz), 3.54 (1H, d, J 
=9.1 Hz), 3.61 (1H, d, J = 10.8 Hz), 3.64–3.69 (2H, m), 5.48 (1H, dd, J = 15.8, 8.3 Hz), 5.90 
(1H, d, J = 15.8 Hz). 
58e: 1H NMR (500 MHz, CDCl3): δ 0.16 (9H, s), 0.98 (3H, d, J = 6.8 Hz), 1.01 (3H, d, J = 
6.4 Hz), 1.07 (3H, s), 1.17 (3H, d, J = 6.4 Hz), 1.26–1.33 (1H, m), 1.50 (1H, ddd, J = 12.6, 7.4, 
6.1 Hz), 1.69–1.84 (2H, m), 1.88–2.03 (3H, m), 2.20–2.30 (3H, m), 2.87 (1H, qq, J = 6.8, 
6.4Hz), 3.30 (3H, s), 3.34–3.40 (3H, m), 3.64 (1H, d, J = 10.7 Hz), 4.17 (1H, d, J = 12.0 Hz), 







To a solution of the above-mentioned carbonate 67b (391 mg, 1.53 mmol) in THF (4.0 mL) 
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0.477 mmol) and stirred for 14 h at 80 °C under argon atmosphere.  The reaction was 
quenched with saturated NaHCO3 aq. solution and organic materials were extracted with EtOAc 
three times.  The combined extract was washed with 1 M HCl aq. solution, 1 M NaOH aq. 
solution and brine, dried over Na2SO4, filtered, and concentrated under reduced pressure.  The 
residue was purified by silica gel column chromatography with hexane/EtOAc (30:1–3:1) to 
furnish 67d (543 mg, 92%) as a colorless solid.  Mp 85.3–86.0 °C (colorless fine needles from 
hexane).  [α]D22 –29 (c 0.75, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.02 (9H, s), 0.87–0.97 
(2H, m), 1.08 (3H, d, J = 6.8 Hz), 1.19–1.27 (1H, m), 1.55–1.62 (1H, m), 1.89–2.05 (2H, m), 
2.21 (1H, ddq, J = 8.6, 8.6, 6.8 Hz), 2.58 (1H, ddd, J = 8.6, 8.6, 8.6 Hz), 3.33 (3H, s), 3.46 (1H, 
d, J = 11.2 Hz), 3.64 (1H, ddd, J =10.2, 10.2, 6.4 Hz), 3.67 (1H, d, J = 11.2 Hz), 3.73 (1H, ddd, 
J = 10.2, 10.2, 6.4 Hz), 4.38 (1H, d, J = 9.3 Hz), 4.47 (1H, d, J = 9.3 Hz), 4.83 (1H, d, J = 7.8 
Hz), 4.95–5.04 (3H, m), 5.65 (1H, ddd, J = 18.6, 10.3, 8.6 Hz); 13C NMR (125 MHz, CDCl3): δ 
–1.43 (3C), 18.3, 19.4, 23.4, 26.5, 39.2, 46.2, 59.2, 65.8, 65.9, 72.6, 85.5, 90.6, 92.6, 114.4, 
141.8, 154.5; IR νmax 2953, 2925, 2893, 1789, 1248, 1181 cm–1; HRMS (ESI) [M+Na]+ 






To a solution of 67d (297 mg, 0.767 mmol) in THF (1.4 mL) and H2O (0.7 mL) was added 









    NaIO4, 2,6-lutidine
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1.96 mmol) and stirred for 3 h at room temperature.  The reaction was quenched with saturated 
Na2S2O3 aq. solution and organic materials were extracted with EtOAc three times.  The 
combined extract was washed with brine and dried over Na2SO4, filtered, and concentrated 
under reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (20:1–3:2) to give aldehyde (261 mg, 88%) as a colorless solid.  Mp 
81.8–83.1 °C (colorless fine needles from hexane).  [α]D24 +1.12 (c 1.08, CHCl3).  1H NMR 
(500 MHz, CDCl3): δ 0.03 (9H, s), 0.92–0.96 (2H, m), 1.23 (3H, d, J = 7.1 Hz), 1.24–1.27 (1H, 
m), 1.64 (1H, ddd, J = 14.4, 10.5, 5.6 Hz), 2.50 (1H, ddd, J = 14.4, 9.7, 4.6 Hz), 2.10–2.18 (1H, 
m), 2.40–1.48 (1H, m), 2.95 (1H, ddd, J = 10.0, 9.8, 9.8 Hz), 3.34 (3H, s), 3.52 (1H, d, J =11.2 
Hz), 3.65 (1H, ddd, J = 9.8, 9.8, 7.1 Hz), 3.72–3.77 (2H, m), 4.24 (1H, d, J = 9.5 Hz), 4.52 (1H, 
d, J = 9.5 Hz), 4.84 (1H, d, J = 8.1 Hz), 4.99 (1H, d, J = 8.1 Hz), 9.56 (1H, d, J = 2.6 Hz); 13C 
NMR (125 MHz, CDCl3): δ –1.4 (3C), 12.6, 18.3, 23.1, 26.7, 42.1, 47.4, 59.3, 65.9, 66.6, 72.5, 
84.9, 90.6, 92.3, 154.1, 202.1; IR νmax 2951, 2892, 1800, 1724, 1457, 1393, 1248, 1179 cm–1; 
HRMS (ESI) [M+Na]+ calculated for C18H32NaO7Si: 411.1815, found: 411.1797. 
To a suspension of Ph3PCH2I!I (206 mg, 0.388 mmol) in THF (1.5 mL) was added 
NaHMDS (solution in THF, 1.0 M, 385 µL) and stirred at room temperature under argon 
atmosphere.  After 1 h, the red solution was cooled to –78 °C and added a solution of HMPA 
(24 µL, 0.138 mmol) in THF (400 µL) and a solution of the above-mentioned aldehyde (75.3 
mg, 0.194 mmol) in THF (800 µL) successively.  The reaction mixture was warmed to –10 °C 
over 2 h and quenched with saturated NH4Cl aq. solution and organic materials were extracted 
with EtOAc three times.  The combined extract was washed with brine and dried over Na2SO4, 
filtered, and concentrated under reduced pressure.  The residue was purified by silica gel 
column chromatography with hexane/EtOAc (30:1–4:1) to furnish 77a (104 mg, quant.) as a 
colorless oil.  [α]D22 –19.2 (c 1.53, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.02 (9H, s), 
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0.86–0.96 (2H, m), 1.21–1.30 (1H, m), 1.61 (1H, ddd, J = 14.4, 10.7, 5.4 Hz), 1.87–1.93 (1H, 
m), 1.98 (1H, ddd, J = 14.4, 9.5, 5.1 Hz), 2.65–2.76 (2H, m), 3.34 (3H, s), 3.49 (1H, d, J = 11.2 
Hz), 3.64 (1H, ddd, J = 9.6, 9.6, 6.1 Hz), 3.69–3.74 (2H, m), 4.42 (1H, d, J = 9.5 Hz), 4.49 (1H, 
d, J = 9.5 Hz), 4.84 (1H, d, J = 7.9 Hz), 4.97 (1H, d, J = 7.9 Hz), 5.96 (1H, dd, J = 9.1, 7.4 Hz), 
6.21 (1H, d, J = 7.4 Hz); 13C NMR (125 MHz, CDCl3): δ –1.4 (3C), 18.2, 18.3, 23.3, 26.7, 40.2, 
45.9, 59.3, 65.7, 66.1, 72.8, 81.7, 85.4, 90.6, 92.4, 144.1, 154.3; IR νmax 2953, 2888, 1806, 1246, 






To a solution of 77a (64.0 mg, 0.125 mmol) in MeOH (1.5 mL) was added K2CO3 (97.4 mg, 
0.705 mmol) and stirred for 13 h at room temperature.  The mixture was diluted with H2O and 
organic materials were extracted with EtOAc three times.  The combined extract was washed 
with brine and dried over Na2SO4, filtered, and concentrated under reduced pressure to give a 
crude 77b.  This was employed for the next reaction without further purification. 
To the solution of the above-mentioned crude 77b in THF (1.5 mL) were added pyridine (100 
µL, 1.24 mmol) and Pb(OAc)4 (95.4 mg, 0.215 mmol) at –20 °C and stirred for 1 h.  The 
reaction was quenched with a mixture of saturated NaHCO3 aq. solution and saturated Na2S2O3 
aq. solution and organic materials were extracted with EtOAc twice.  The combined extract 
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pressure.  The residue was purified by silica gel column chromatography with hexane/EtOAc 
(20:1–6:1) to give 80 (51.8 mg, 91% over 2 steps) as a colorless oil.  [α]D22 –1.07 (c 1.19, 
CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.01 (9H, s), 0.77–0.88 (2H, m), 1.10 (3H, d, J = 6.8 
Hz), 1.64–1.72 (1H, m,), 2.02–2.18 (2H, m), 2.23 (1H, ddd, J = 13.6, 7.5, 4.1 Hz), 2.42 (1H, 
ddd, J = 9.3, 7.1, 7.1 Hz), 2.76–2.82 (1H, m), 3.34 (3H, s), 3.43–3.47 (2H, m), 3.50 (1H, ddd, J 
=11.0, 9.5, 6.1 Hz), 3.61 (1H, ddd, J = 11.0, 9.5, 5.8 Hz), 4.65 (1H, d, J = 7.6 Hz), 4.87 (1H, d, 
J = 7.6 Hz), 6.14 (1H, dd, J = 9.1, 7.3 Hz), 6.19 (1H, d, J = 7.3 Hz); 13C NMR (125 MHz, 
CDCl3): δ –1.4 (3C),, 16.5 ,18.0, 22.7, 27.7, 39.6, 50.9, 59.6, 65.7, 74.3, 81.5, 82.0, 90.1, 144.1, 
215.9; IR νmax 2952, 2891, 1743, 1456, 1249, 1111 cm–1; HRMS (ESI) [M+Na]+ calculated for 






To PdCl2(PPh3)2 (23.8 mg, 0.034 mmol) was added a solution of the ketone 80 (317 mg, 
0.697 mmol) and hexamethylditin (230 µL, 1.11 mmol) in THF (7 mL) and stirred 39 h at room 
temperature under argon atmosphere.  The reaction mixture was concentrated under reduced 
pressure and the residue was purified by 10w/w% K2CO3 on silica gel column chromatography 
with hexane/EtOAc (1:0–40:1) to give a crude alkenyl stannane 76 and the crude 76 was further 
purified by silica gel column chromatography with hexane/EtOAc (1:0–40:1) to furnish 76 (220 
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(9H, t, J = 26.4 Hz), 0.79–0.90 (2H, m), 1.12 (3H, d, J = 6.3 Hz), 1.60–1.67 (1H, m), 2.04–2.21 
(3H, m), 2.28–2.32 (1H, m), 3.32 (3H, s), 3.38–3.40 (2H, m), 3.49 (1H, ddd, J = 10.9, 9.5, 6.1 
Hz), 3.64 (1H, ddd, J = 10.9, 9.5, 5.9 Hz), 4.65 (1H, d, J = 7.8 Hz), 4.88 (1H, d, J = 7.8 Hz), 
5.76 (1H, d, J = 12.5 Hz), 6.27 (1H, dd, J = 12.5, 9.5 Hz); 13C NMR (125 MHz, CDCl3): δ –8.4 
(3C), –1.4 (3C), 18.0, 19.4, 22.5, 27.3, 41.0, 52.0, 59.5, 65.7, 73.8, 82.0, 90.1, 128.8, 151.3, 
215.9; IR νmax 2954, 2893, 1743, 1598, 1250 cm–1; HRMS (ESI) [M+Na]+ calculated for 






To PEPPSI-SIPr (8.8 mg, 0.013 mmol) was added a solution of 76 (124 mg, 0.252 mmol) 
and (R)-22 (114 mg, 0.376 mmol) in DMSO (5 mL) and stirred for 42 h at 60 °C under argon 
atmosphere.  The reaction was quenched with H2O and organic materials were extracted with 
EtOAc three times.  The combined extract was washed with brine and dried over Na2SO4, 
filtered, and concentrated under reduced pressure.  The residue was purified by silica gel 
column chromatography with hexane/EtOAc (40:1–3:1) to furnish 75 (103 mg, 85%) as a 
colorless oil.  [α]D23 –53.2 (c 1.17, CHCl3).  1H NMR (500 MHz, CDCl3): δ 0.01 (9H, s), 
0.79–0.89 (2H, m), 0.94 (3H, d, J = 6.9 Hz), 0.96 (3H, s), 0.99 (3H, d, J = 6.8 Hz), 1.05 (3H, d, 
J = 6.6 Hz), 1.50–1.58 (1H, m), 1.64–1.73 (1H, m), 1.80–1.84 (1H, m), 1.97 (1H, ddd, J = 12.7, 
















  89 
9.3, 5.4 Hz), 2.60–2.68 (2H, m), 3.28–3.33 (4H, m), 3.37 (1H, dd, J = 10.7, 4.6 Hz), 3.40–3.43 
(2H, m), 3.49 (1H, ddd, J = 11.0, 9.8, 6.3 Hz), 3.62 (1H, ddd, J = 11.0, 9.5, 5.8 Hz), 4.65 (1H, d, 
J = 7.6 Hz), 4.87 (1H, d, J = 7.6 Hz), 5.58 (1H, ddd, J = 11.7, 2.5, 2.2 Hz), 5.64 (1H, dd, J = 
11.7, 10.3 Hz); 13C NMR (125 MHz, CDCl3): δ –1.5 (3C), 17.9, 18.0, 20.9, 21.0, 21.8, 22.1, 
27.5, 27.8, 28.0, 32.7, 33.2, 52.6, 53.4, 59.6, 65.7, 69.3, 73.8, 82.3, 90.2, 122.5, 134.1, 135.8, 
146.3, 216.6; IR νmax 3460, 2953, 2893, 1740, 1455, 1249 cm–1; HRMS (ESI) [M+Na]+ 






To a solution of 75 (22.0 mg, 0.046 mmol) in CH2Cl2 (1.0 mL) were added NaHCO3 (26.7 
mg, 0.318 mmol) and Dess-Martin periodinate (29.9 mg, 0.070 mmol) at 0 °C and stirred at 
room temperature for 2 h.  The reaction was quenched with a mixture of saturated NaHCO3 aq. 
solution and saturated Na2S2O3 aq. solution, and the organic materials were extracted with 
EtOAc three times.  The combined extract was washed with brine and dried over Na2SO4, 
filtered, and concentrated under reduced pressure.  The residue was purified by silica gel 
column chromatography with hexane/EtOAc (60:1–10:1) to furnish 82 (19.4 mg, 89%).  [α]D21 







75: R = CH2OH
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(3H, d, J = 6.9 Hz), 1.00 (3H, d, J = 6.8 Hz), 1.04 (3H, d, J = 6.6 Hz), 1.21 (3H, s), 1.59–1.65 
(1H, m), 1.97–2.04 (1H, m), 2.08–2.19 (2H, m), 2.22–2.32 (2H, m), 2.42–2.45 (2H, m), 2.54 
(1H, ddd, J = 10.7, 6.6, 6.3 Hz), 2.66 (1H, qq, J = 6.9, 6.8 Hz), 3.33 (3H, s), 3.37 (1H, d, J = 9.8 
Hz), 3.40 (1H, d, J = 9.8 Hz), 5.48 (1H, ddd, J = 11.5, 2.5, 2.5 Hz), 5.65 (1H, dd, J = 11.5, 10.7 
Hz), 9.40 (1H, s); 13C NMR (125 MHz, CDCl3): δ –1.5 (3C), 17.8, 18.0, 20.9, 21.0, 22.4, 27.3, 
28.0, 28.6, 31.7, 32.9, 52.2, 59.5, 62.8, 65.7, 73.8, 82.1, 90.1, 121.2, 131.2, 137.5, 149.4, 203.3, 
215.9; IR νmax 2957, 2893, 1741, 1722, 1455, 1375, 1248 cm–1; HRMS (ESI) [M+Na]+ 
calculated for C27H46NaO5Si: 501.3012, found: 501.3004. 
To a solution of VCl3!(THF)3 (86.7 mg, 0.232 mmol) in THF (1.5 mL) was added Zn 
powder (11.0 mg, 0.168 mmol) and stirred at 75 °C under argon atmosphere.  After 14 h, the 
solution was cooled to 45 °C, and to it were added THF (1.0 mL) and DMI (70 µL, 0.650 
mmol) successively.  Then, to the mixture was added a solution of 82 (12.6 mg, 0.026 mmol) 
in THF (1.0 mL) over 5 h.  The reaction was quenched with saturated sodium/potassium 
tartrate aq. solution and organic materials were extracted with EtOAc for three times.  The 
combined extract was washed with brine and dried over Na2SO4, filtered, and concentrated 
under reduced pressure.  The residue was filtered through a short pad of silica gel with 
hexane/EtOAc (10:1) to furnish a crude 83 (1.4 mg, 12%). 
The triene 83 was immediately dissolved to EtOAc (1.0 mL) and to the solution was added 
Pd/C (1.6 mg), stirred under H2 atmosphere.  After 14 h, the mixture was filtered through a pad 
of Celite and washed with EtOAc.  The combined filtrate and washings were concentrated 
under reduced pressure.  The residue was purified by silica gel column chromatography with 
hexane/EtOAc (1:0–40:1) to furnish a diastereomeric mixture of 84 (1.4 mg, quant.) as a 
colorless oil.  1H NMR (500 MHz, CDCl3): δ 0.01 (9H, s), 0.61–1.01 (14H, m), 1.20–1.43 (3H, 
m), 1.47–1.74 (3H, m), 1.79–2.00 (4H, m), 2.02–2.09 (2H, m), 2.10–2.23 (4H, m), 2.28–2.38 
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(2H, m), 2.28–2.38 (2H, m), 2.52–2.68 (2H, m), 3.32 (3H, s), 3.50–3.56 (1H, m), 3.59–3.64 (1H, 
m), 4.66–4.69 (1H, m), 4.85–4.88 (1H, m); 13C NMR (125 MHz, CDCl3): δ –1.4 (3C), 15.6, 
17.2, 17.5, 18.0, 19.4, 21.5, 26.9, 27.8, 28.5, 28.8, 29.7, 31.2, 32.3, 33.4, 37.5, 41.0, 41.7, 52.9, 
53.3, 59.5, 65.6, 73.6, 82.6, 90.3; HRMS (ESI) [M+Na]+ calculated for C27H52NaO3Si: 475.3583, 
found: 475.3572. 
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